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Summary
Historically the in situ deprotonation of imidazolium salts by metallic reagents has 
represented a useful pathway to metal-W-heterocyclic carbene species. This thesis 
sets out to evaluate the extension of this well-documented synthetic methodology 
to the preparation of novel and catalytically relevant metal-AMieterocyclic carbene 
complexes from non-conventional imidazolium precursor salts.
Interesting hydrogen-bonding interactions arise in the products from the reaction 
of a strongly basic imidazol-2-ylidene with an acidic organic compound, such as a 
phenol or secondary amine. The deprotonation of a range of substituted phenols 
with strongly basic N-heterocyclic carbenes has provided a series of imidazolium 
phenoxide salts, which generally possess significant secondary hydrogen-bonding 
interactions in the solid state.
Chapter One is intended to place the work reported later in this thesis into context 
with the research previously conducted within the field of N-heterocyclic carbene 
chemistry. Other relevant concepts, that will either promote appreciation of the 
results arising from this study, or help to further explain the motivation behind the 
research carried out, will be introduced within the appropriate discussion chapters. 
Chapter Two will focus on the chemistry of the non-conventional imidazolium 
salts prepared during this investigation and briefly discuss the hydrogen-bonding 
exhibited by these systems.
Chapter Three will report on the chemistry of a series of Af-heterocyclic carbene- 
copper(I) complexes prepared via the in situ deprotonation of non-conventional 
imidazolium salts. Chapter Four will concentrate on the chemistry of a range of 
zinc(II) phenoxides and alkoxides synthesised in the same manner as the copper(I) 
complexes discussed in Chapter Three, and their potential in the catalysis of bio­
degradable polymer production via ring-opening polymerisations will be detailed. 
Finally, Chapter Five reports all the experimental procedures and characterisation 
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Since the isolation of the first stable JV-heterocyclic carbene by Arduengo et al. 
these species have generated considerable research interest, and have now been 
recognised as versatile ligands[2'6] for a number of catalytic processes.[710] Our 
interest in these remarkably strong neutral bases'-11"1^  stems from an investigation 
into their reaction with X-H acidic organic compounds.[14] The resulting products 
often exhibit interesting hydrogen-bonding, and are potential precursors to novel 
and catalytically relevant metal-TV-heterocyclic carbene complexes.
This introduction is intended to outline the research previously conducted within 
the field of ./V-heterocyclic carbene chemistry that is pertinent to this investigation. 
A more comprehensive treatise of the area is provided by excellent review articles 
recently published by Arduengo,[15J Bertrand,[16] Crudden[17] and Herrmann.[18-21] 
Relevant concepts such as hydrogen-bonding, and metal-mediated transformations 
and polymerisations will be introduced in the appropriate discussion chapters.
1.2: Developments in /V-heterocyclic carbene chemistry
To date, much of the research into stable carbenes has focused on five-membered 
heterocyclic diaminocarbenes with nitrogen atoms in the 1- and 3-positions of the 
ring (Figure 1.1).* The carbene centre of these ./V-heterocyclic carbenes occupies 
the 2-position (Figure 1.1) and is stabilised by the adjacent nitrogen heteroatoms, 
the origin and extent of this stabilisation will be discussed later in this chapter.
5 4
1 /  A  3
2
Figure 1.1: Numbering of imidazol-2-ylidene and imidazolin-2-ylidene ring positions
* By convention, the heteroatoms are assigned the lowest possible values when numbering the 
positions around a heterocyclic ringJ22-*
1
./V-heterocyclic carbenes of this type may be saturated in nature, or may possess 
C(4)=C(5) unsaturation (Figure 1.1). The unsaturated systems are accessible via 
the deprotonation of imidazolium precursor salts/1, 2’ 23, 24] and are often termed 
imidazol-2-ylidenes,§ which is how they will be classified throughout this thesis. 
In accordance with the nomenclature utilised by Arduengo/241 the saturated 
analogues of the imidazol-2-ylidenes will be referred to as imidazolin-2-ylidenes,§ 
and their precursor salts will be termed imidazolinium salts in the interests of 
consistency.
The first metal-TV-heterocyclic carbene complexes were prepared over thirty years 
ago by Ofele[25] and Wanzlick[26] via the in situ deprotonation of imidazolium 
salts. Ofele generated a chromium-7V-heterocyclic carbene via the thermolysis of 
a related imidazolium metallate species,[25] whereas Wanzlick employed a basic 
metal source to effect the deprotonation of an imidazolium salt and produce the 
corresponding metal-7V-heterocyclic carbene complex (Scheme l . l ) / 26]
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Scheme 1.1: Metal-7V-heterocyclic carbene complex via imidazolium salt deprotonation
Palladium(II)-imidazol-2-ylidene complexes, utilised in the catalysis of a number 
of organic coupling reactions/7, 27~33J have subsequently been prepared via the
n  97  'XA ^61analogous deprotonation of imidazolium salts by palladium(II)-acetate.L ’ ’ " J 
Recent reports of the preparation of metal-7V-heterocyclic carbene complexes via 
the in situ deprotonation of thiazolium[37,38] and benzimidazolhW38‘40] precursor 
salts further demonstrate the versatility of the synthetic methodology pioneered by 
Wanzlick.[26]
§ There is some controversy over the nomenclature of these TV-heterocyclic carbenes and their
precursors; Herrmann suggests that the unsaturated systems should be termed imidazolin-2-
n 8iylidenes and their saturated analogues should be referred to as imidazolidin-2-ylidenes.
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The imidazolin-2-ylidenes, the saturated analogues of the imidazol-2-ylidenes, 
were the focus of much of the early research into TV-heterocyclic carbenes.[41, 42] 
Lappert investigated the chemistry of these species via the study of their metal 
complexes,[43, ^  generally prepared from the reaction of enetetraamines with 
coordinatively unsaturated metal centres.1-45'71-1 Subsequent investigations into the 
reactivity of metal-imidazolin-2-ylidenes[49’ 72'74] demonstrated that ./V-heterocyclic 
carbene ligands support metal centres in various oxidation states[54,74,75] and that 
their transition metal complexes may be utilised in homogeneous catalysis.[73]
TV-heterocyclic carbenes became readily accessible following the isolation of the 
first stable crystalline imidazol-2-ylidene (Figure 1.2) by Arduengo et alP1 over a 
decade ago. This breakthrough has opened up the field of TV-heterocyclic carbene 
chemistry and subsequently allowed the detailed study of these species^11,13,76'1061 
and their metal complexes.[29,84,107'124]
 I^N
o
Figure 1.2: First stable crystalline TV-heterocyclic carbene
Stable TV-heterocyclic carbenes have also been prepared from triazolium[125, 126] 
and thiazolium[127] precursor salts. The fundamental and coordination chemistry 
of these species is underdeveloped compared to that of the imidazol-2-ylidenes 
and imidazolin-2-ylidenes. This is currently being addressed in the case of the 
triazolium-based systems; indeed, a number of publications concerned with the 
fundamental reactivity1-128'130^ and coordination chemistry1131'13^  of these species 
have recently emerged in the scientific literature.
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The versatility of TV-heterocyclic carbene ligands in catalysis has initiated a study 
into their silylene, germylene, stannylene and plumbylene analogues/136'1491 The 
bond dissociation enthalpy of simple Group XI metal-TV-heterocyclic silylene, 
germylene and stannylene complexes is quite significant/1431 suggesting that these 
species may also find utility as ligands in organometallic chemistry. Initial 
studies into the coordination chemistry of the TV-heterocyclic carbene homologues 
seem to further demonstrate that this may be the case/145,1461
TV-heterocyclic carbenes are currently the focus of considerable research interest 
and much is known of their stability/77, 141,1501 fundamental reactivity^128, 151'164] 
and electronic properties/83,165 1671 aspects of which will be discussed later on in 
this chapter. These species are now common ligands in organometallic chemistry 
and their metal complexes are widely used in the catalysis of a variety of different 
transformations and reactions/27'32,168‘197]
1.3: Stability and Structure of /V-heterocyclic carbenes
Carbenes are six-electron divalent carbon species possessing two non-bonding 
electrons and a formally uncharged C(II) centre/16,18,11' 198,1991 and are generally 
classified in terms of their electronic configuration/16,18,198,1991 The non-bonding 
electrons of a singlet state carbene have anti-parallel electronic spins and may be 
paired, in which case they occupy only one of the two orbitals available to them; 
whereas in a triplet state carbene the non-bonding electrons have spins parallel to 
each other and are, therefore, unpaired, singly occupying both of the orbitals not 
involved in bonding/16,18,198,1991
Hund’s Rules suggest carbenes with a triplet electronic configuration are lower in 
energy than their singlet counterparts in which the two non-bonding electrons are 
paired in a single molecular orbital; since an unfavourable pairing energy arises as 
a result of the multiple occupation of a single orbital/2001 However, the orbitals 
available to the non-bonding electrons are not degenerate/161 and, in the case of 
the TV-heterocyclic carbenes, the stabilisation of the singlet state in relation to the 
triplet configuration is sufficient to offset this unfavourable pairing energy.
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The relative stability of the imidazol-2-ylidenes essentially stems from their large 
singlet-triplet energy gap, calculated at approximately 330 kJ m ol'1 for the 
unsubstituted model system.[l65] It was initially believed sterically demanding 
substituents on the ring nitrogen atoms were required in order to impart kinetic 
stability^77’ 201 ] However, the subsequent isolation of less sterically demanding 
imidazol-2-ylidenes[77] (Figure 1.3) than that first reported by Arduengo et a l.[1] 
has demonstrated that this is not necessarily the case.
Figure 1.3: A sterically unhindered imidazol-2-ylidene
The stabilisation of the singlet state relative to the triplet configuration is effected 
by a combination of inductive effects, where relatively electronegative nitrogen 
atoms within the ring withdraw electron density from the carbene centre through 
the N-C(2) a-bonds, and Tt-donation from the filled heteroatom p-orbitals into the 
vacant out-of-plane pz orbital at the carbene centre (Figure 1.4).[,]
Figure 1.4: Synergic stabilisation of singlet carbene centre
Singlet carbenes are ambiphilic in nature, concomitantly displaying electrophilic 
and nucleophilic character.[77,83] The nucleophilic reactivity o f these systems is 
due to a-donation of their lone pair of electrons, whereas their electrophilicity is a 
result of the vacant p-orbital perpendicular to the lone pair at the carbene 
centred831 The dimerisation of singlet carbenes arises as a direct result o f this 
ambiphilic character.[83]
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Computational studies suggest that the dimerisation of singlet carbenes proceeds 
via a non-least motion pathway183, 151] (Figure 1.5), where one carbene molecule 
perpendicularly approaches another. The approaching carbene moiety initially 
acts as a nucleophile, donating its lone pair of electrons into the vacant out-of- 
plane p-orbital at the second carbene centre, and subsequently behaves as an 
electrophile, as electron density is transferred into its vacant pz orbital by means of 
a retaliatory nucleophilic attack.^83’151]
Figure 1.5: Non-least motion pathway for singlet carbene dimerisation
Reports of the irreversible dimerisation of imidazolin-2-ylidenes to yield electron- 
rich enetetraamines have recently emerged.t202'204] However, Wanzlick proposed 
the existence of an equilibrium between these TV-heterocyclic carbene dimers and 
the corresponding monomeric species (Scheme 1.2).[205j Initial investigations into 
this claim involved monitoring mixed enetetraamine formation as a result o f the 
scrambling of two distinct TV-heterocyclic carbene dimers in solution. The 
expected mixed enetetraamine product was not observed, and hence it was argued 
that there was no equilibrium between these so-called Wanzlick dimers and TV- 
heterocyclic carbenes.[206, 207] However, recent NMR studies have demonstrated 
that in the case of benzimidazol-2-ylidenes, the combination of the monomeric 
carbene species to form enetetraamines is in equilibrium with the dissociation of 
these dimers to yield TV-heterocyclic carbenes.[208,209]
R R R
/ / \
N  N N—
C >N N N*
\ \ /
R R R
Scheme 1.2: The Wanzlick equilibrium
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Enetetraamines react with coordinatively unsaturated transition metal centres to 
yield the corresponding metal-TV-heterocyclic carbene complexes,145'71] and with 
acids to form the respective carbene precursor salts.1-205,210,211] Consequently, they 
are considered to be convenient precursors to TV-heterocyclic carbenes.[42,212]
A fundamental aspect of the chemistry of the imidazol-2-ylidenes, the unsaturated 
analogues of the imidazolin-2-ylidenes, is their apparent stability with respect to 
dimerisation.[18,24,88,141] Although these singlet carbenes are highly nucleophilic, 
they do not exhibit the expected degree of electrophilicity.[77,83] Even their metal 
adducts, which might be anticipated to demonstrate enhanced electrophilicity as a 
result of reduced electron density at the C(2) carbon, are generally not susceptible 
to nucleophilic attack at the carbene centred78,83,107,110’117’213,214] Consequently, 
these singlet carbenes do not exhibit significant ambiphilicity, and, therefore, the 
accepted non-least motion pathway for dimerisation is not accessible.
R R R
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Figure 1.6: Delocalisation of 7i;-system not prominent in imidazol-2-ylidenes
The enhanced stability of imidazol-2-ylidenes relative to their saturated analogues 
has been attributed to the presence of the C(4)=C(5) double bond.[141,142,150,215] 
Indeed, since these systems possess 6n electrons and conform to HiickeTs (4n+2) 
rule for aromaticity,[198’199] it had long been postulated that a carbene centre in the 
C(2) position may potentially be stabilised via conjugation.[211] However, despite 
all the atoms within the planar heterocyclic core possessing a p-orbital suitable to 
constitute part of a delocalised 71-system, the results of a charge density study 
performed by Arduengo et al. suggest that there is not significant delocalisation of 
7c-electron density around the central five-membered ring.[83] Therefore, the ylidic 
character of imidazol-2-ylidenes is negligible and these species may be accurately 
described as carbenes, i.e. the canonical form b (Figure 1.6) is indeed an adequate 
representation of their electronic structure^83’165]
7
X-ray diffraction studies demonstrate that the delocalisation of 7i-electron density 
around the heterocyclic core in imidazol-2-ylidenes is much less significant than 
for their remarkably stable imidazolium precursor saltsJ1’155,165,216] The variation 
between the N-C(2) bond lengths of imidazolium salts and imidazol-2-ylidenes 
(Figure 1.7) may be used to validate the proposed synergic stabilisation of the 
carbene centre via 7r-donation and inductive effects.11,77, 216] The longer N-C(2) 
bonds in the imidazol-2-ylidenes may be attributed to a reduction in s-character, 
as a result of the inductive effects in operation, and an increase in their p-character 
due to 7r-donation into the vacant out-of-plane pz orbital at the carbene centre.[165] 
Structural investigations also verify that imidazol-2-ylidenes are singlet carbenes, 
since they possess a N(l)-C(2)-N(3) angle of approximately 100° (Figure 1.7), 
which is consistent with the angle at a singlet carbene centre as predicted by 
theoretical calculations.[165]
Mes Mes Mes
5c - n L  sC " NL  * c A 2
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1.37 A > N-C(2) bond len g th  > 1.33 A
Figure 1.7: Key structural parameters of metal-imidazol-2-ylidene complexes relative to 
the related free TV-heterocyclic carbene and imidazolium salt
Metal-imidazol-2-ylidenes generally possess N(l)-C(2)-N(3) angles and N-C(2) 
bond lengths between those of the corresponding free TV-heterocyclic carbene and 
its imidazolium precursor salt (Figure 1.7).[83’ 143,213,216] The observed reduction 
in the imidazol-2-ylidene N-C(2) bond length on coordination to a metal centre 
seems to suggest that 7t-electron density is delocalised around the heterocyclic 
core of metal-imidazol-2-ylidene species, albeit to a lesser extent than is evident 
within imidazolium salts (Figure 1.7).[83, 143’ 213, 216] The stabilisation of metal- 
imidazol-2-ylidenes relative to the corresponding free TV-heterocyclic carbenes can 
be attributed, at least in part, to this delocalisation of 7i-electron density, and 
provides the impetus for the coordination of imidazol-2-ylidenes to metal centres.
8
Comparison of the N(l)-C(2)-N(3) angle and N-C(2) bond lengths of a metal- 
imidazol-2-ylidene relative to that of the respective free TV-heterocyclic carbene 
(Figure 1.7) provides an indication of the in-plane electron density at the 2- 
positon of the imidazol-2-ylidene ligand, which subsequently sheds some light on 
the strength of the metal-TV-heterocyclic carbene bond.[143,2161 A complex with an 
extremely strong metal-imidazol-2-ylidene interaction may be better described as 
a metallo-imidazolium salt than a metal-TV-heterocyclic carbene.[20]
1.4: Synthetic routes to /V-heterocyclic carbenes
Arduengo et al. reported the preparation, isolation and structural characterisation 
of l,3-di-(l-adamantyl)-imidazol-2-ylidene (Figure 1.2) in their seminal article on 
the chemistry of TV-heterocyclic ca rbenes .T h is  exceptionally stable free carbene 
(Figure 1.2) was prepared by means of the deprotonation of a related imidazolium 
salt.[1] Subsequent reports of the preparation of various imidazol-2-ylidenes and 
imidazolin-2-ylidenes via the deprotonation of imidazolium[24,77,217] (Scheme 1.3) 
and imidazolinium[215] salts demonstrate the synthetic utility of this methodology 
in the preparation of free TV-heterocyclic carbenes. Indeed, the most commonly 
employed strategy in the synthesis of imidazol-2-ylidenes is the exploitation of a 
basic reagent to effect the removal of the acidic C(2)-H proton of corresponding 




Scheme 1.3: Deprotonation of imidazolium precursor salt
The diversity of imidazol-2-ylidenes prepared via this deprotonation methodology 
depends upon the accessibility of the corresponding imidazolium precursor salts. 
The quatemisation of imidazole^223,224] and commercially or synthetically readily 
available substituted imidazoles^19, 21, 225] by reaction with primary alkyl halides 
represents a facile route to alkyl substituted imidazolium salts (Scheme 1.4).
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Scheme 1.4: Quatemisation of readily available imidazoles
1,3-dialkyl substituted imidazolium chloride species may also be prepared by the 
direct addition of two equivalents of the corresponding primary alkyl chloride to 
7V-trimethylsilyl-imidazole (Scheme 1.5).[226] The advantage of this methodology 
is that the imidazolium 7V-heterocyclic carbene precursor is easily separated from 
the volatile trimethylsilyl chloride by-product.
Si(CH3)3 ch2r
rch2ci




Scheme 1.5: One-step preparation of a 1,3-dialkyl-imidazolium salt
A convenient synthesis of highly substituted imidazolium salts possessing more 
sterically demanding substituents on the heteroatoms via a condensation reaction 
involving amines and carbonyl compounds (Scheme 1.6) has been developed by 
Arduengo et alP21^  This one-pot methodology has facilitated the preparation of 
significantly more diversely substituted imidazol-2-ylidenes.[77,219]
R
 /  -3  h20
0 = (  + NH4CI -------- -— ► K i / /  H Cl
Scheme 1.6: One-pot synthesis of highly substituted imidazolium salts
Substituted imidazolium salts are generally prepared via a two-step variant of this 
one-pot methodology (Scheme 1.7).[24,2171 The first step being the reaction of an 
aqueous solution of glyoxal with two equivalents of a substituted amine to yield 
the corresponding 1,4-disubstituted diazabuta-l,3-diene (Scheme 1.7).[24,217] The
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imidazolium salt is subsequently obtained via the reaction of this diazabutadiene 
intermediate with paraformaldehyde and hydrogen chloride in dioxane (Scheme 
1 7 ) [24 , 217] methodology may be extended to the preparation of substituted 
imidazolin-2-ylidenes. In this case, the diazabutadiene product is prepared in the 
same manner, but is then reduced with sodium borohydride prior to the formation 
of the heterocycle by reaction with triethyl orthoformate (Scheme 1.7)J24]
jO
2RNH2
- 3  H20
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Scheme 1.7: Synthesis of imidazol-2-ylidenes and analogous imidazolin-2-ylidenes
Ktihn has exploited an alternative synthetic approach to the imidazol-2-ylidenes, 
utilising an alkali metal to effect the reduction of the related thione compounds 
(Scheme 1.8)J2281 However, the accessibility of imidazolium salts bearing highly 
varied substituents via the routes discussed earlier in this section has meant that 
this methodology has not received significant application. 
ch3











Scheme 1.8: Imidazol-2-ylidenes via reduction of related thiones
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1.5: Reactivity of /V-heterocyclic carbenes
V-heterocyclic carbenes coordinate to metal centres via a-donation of their lone 
pair of electrons (Figure 1.4)/20,143,216,229'231J and are generally considered to be 
phosphine mimics/41,42,44,230"239] However, it should be noted that these species 
differ significantly in terms of their electronic and steric properties/124,234,238'240] 
Indeed, although they both act as two electron a-donor ligands, compared to their 
phosphine counterparts, .V-heterocyclic carbene ligands do not accept significant 
7r-back donation of electron density from metal centres/143,216,229] Consequently, 
V-heterocyclic carbene complexes of both early and late transition metal elements 
are readily formed/79,85,91,161'163> 219> 241‘256] In addition, the steric requirements of 
a phosphine ligand can be described by a cone angle/257'261-1 whereas the planarity 
of V-heterocyclic carbenes means that two different parameters need to be taken 
into account in order to describe the steric demands of these ligands/240]
Despite differences in the steric and electronic characteristics of V-heterocyclic 
carbenes and phosphines, considerable research effort has been focused on the 
replacement of the phosphine ligands ubiquitous in catalysis with V-heterocyclic 
carbenes/18,20,21,30,235] As a result, the reactivity of transition metal complexes of 
V-heterocyclic carbenes is quite well understood, in relation to the fundamental 
reactivity of these species in general.
Metal complexes of V-heterocyclic carbenes may be readily prepared by means of 
the displacement of more labile ligands at a metal centre. The substitution of 
phosphine ligands for imidazol-2-ylidenes (Scheme 1.9), in particular, represents 
a facile route to the imidazol-2-ylidene ligated analogues of catalytically active 
metal-phosphine complexes/20,180,247,248] This is exemplified by the replacement 
of the phosphine ligands in a ruthenium benzylidene olefin metathesis catalyst by 
more strongly a-donating imidazol-2-ylidenes (Scheme 1.9)/246]
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Scheme 1.9: Displacement of phosphine ligands by imidazol-2-ylidenes
In this case, a single phosphine ligand is exchanged for an imidazol-2-ylidene 
when the TV-heterocyclic carbene moiety bears bulky /er/-butyl or mesityl nitrogen 
substituents (Scheme 1.9).[246] On the other hand, sequential displacement of the 
phosphines results if the ring nitrogen atoms possess sterically less demanding 
isopropyl or cyclohexyl groups (Scheme 1.9).[246]
TV-heterocyclic carbenes do not react with double bonds,[20,125] and therefore the 
displacement of coordinated olefins represents an effective route to their transition 
metal complexes.[84, 1701 The substitution of neutral donor solvent molecules is 
also a useful method for the preparation of metal coordination compounds bearing 
TV-heterocyclic carbene ligands, and has been applied to the preparation of s-block 
metal-TV-heterocyclic carbenes (Scheme 1.10).[262]
Scheme 1.10: Substitution of donor solvent molecules for imidazol-2-ylidene ligands 
TV-heterocyclic carbenes form adducts with coordinatively unsaturated main group
metal trialkyls[263] and trihydrides.f213,264'266] The chemistry of the TV-heterocyclic 
carbene main group metal adducts 178> 213> 263-266l (Scheme 1.10 and Figure 1.8) is 
underdeveloped in comparison to that of their transition metal complexes, which 
have received significantly more research attention by virtue of their perceived 
potential to catalyse a number of useful transformations.^8’20,21 ’27,180,238]
HMDSn-CaHMDS"'-
HMDSHMDS
metals, specifically Group II metal dialkyl species (Figure 1.8)[78] and Group III
Figure 1.8: An s-block metal-imidazol-2-ylidene adduct
The coordination mode of TV-heterocyclic carbenes is identical in their main group 
metal adducts and transition metal complexes, in that the TV-heterocyclic carbene 
binds to the central metal atom via cr-donation of its in-plane lone pair of electrons 
(Figure 1.4).[78,213,229] The existence of main group metal adducts demonstrates 
that 7r-back donation from a metal centre is not a pre-requisite for TV-heterocyclic 
carbene coordination.[18,20,267]
\
Figure 1.9: An imidazol-2-ylidene:borabenzene adduct
Imidazol-2-ylidenes are highly Lewis basic in nature, in fact, these TV-heterocyclic 
carbenes are some of the strongest neutral organic bases known at present.^11,13] 
The formation of a range of Lewis acid-Lewis base complexes1" ’155,213,263,264,268] 
as a result of the reaction of imidazol-2-ylidenes with electron-poor boron species 
(Figure 1.9)[81,96,269] provides further evidence for the strong cr-donor capacity of 
TV-heterocyclic carbenes.
The exceptional Lewis basicity of the imidazol-2-ylidenes was demonstrated by 
Arduengo et al., by means of an investigation into the reaction of 1,3-dimesityl- 
imidazol-2-ylidene with a related imidazolium salt (Scheme 1.1 l).tl55J The NMR 
spectra of the product exhibit signals at intermediary chemical shifts to those of 
the imidazol-2-ylidene and imidazolium salt.[155] This suggests that the system is 
highly fluxional on the NMR timescale, with rapid proton exchange occurring in 
solution between the imidazolium salt and the TV-heterocyclic carbene species.11551
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Scheme 1.11: Reaction of an imidazol-2-ylidene with a related imidazolium salt
A single crystal x-ray diffraction analysis of this imidazol-2-ylidene:imidazolium 
salt adduct prepared by Arduengo et al. (Scheme 1.11) revealed the presence of an 
unusual linear three-centre four-electron C H C bridging interaction between
the two heterocyclic fragments.[155] This observation prompted speculation that
TV-heterocyclic carbenes may also form interesting hydrogen-bonding interactions
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Scheme 1.12: Insertion of an imidazolin-2-ylidene into an acetylene C-H bond
Arduengo et al. have reported the insertion of imidazolin-2-ylidenes into the C-H 
bonds of acetylene (Scheme 1.12), acetonitrile and chloroform (Scheme 1.13),tl2] 
demonstrating that, in addition to the formation of hydrogen-bonded salts, neutral 
organic compounds may result from the reaction of TV-heterocyclic carbenes with 
C-H acidic organic molecules.[12]
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Scheme 1.13: Insertion of imidazolin-2-ylidene into chloroform C-H bond
The insertion of imidazolin-2-ylidenes into the C-H bond of chloroform (Scheme 
1.13)[12] demonstrates a characteristic feature of the chemistry of TV-heterocyclic 
carbenes, their reactivity towards chlorinated solvents. It is widely accepted that,
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in such reactions, the nucleophilic TV-heterocyclic carbene abstracts a proton from 
the C-H acidic species, generating a carbanion which subsequently attacks the 
former carbene centre.[12] Interestingly, imidazolin-2-ylidenes have been shown 
to react with carbon tetrachloride, which does not possess an acidic hydrogen 
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Scheme 1.14: Reaction between an imidazolin-2-ylidene and carbon tetrachloride 
(i) Cl+ abstraction from CCI4 and a-elimination of Cl-  from resulting CC13-  anion;
(ii) mixed-carbene dimer formation via combination of imidazolin-2 -ylidene and :CC12
The reaction of an imidazolin-2-ylidene with carbon tetrachloride initially results 
in the formation of the corresponding 2-chloro-imidazolinium trichloromethyl 
(CCI3- ) salt (Scheme 1.14).[12] Dichlorocarbene is subsequently generated in situ 
via a-elimination of a chloride ion from the CCh-  anion, and the mixed-carbene 
dimer forms as a result of the combination of an imidazolin-2-ylidene moiety with 
the dichlorocarbene species (Scheme 1.14).[12^
CHCI2
Cl"
hcci3  ---------------► K + J y — ch ci2  h
Cl'
Scheme 1.15: Reaction of an imidazol-2-ylidene with chloroform
The reaction between an imidazol-2-ylidene and chloroform results in a mixture 
of the corresponding dichloromethyl-imidazolium and imidazolium chloride salts 
(Scheme 1.15).[12] However, although the acidic chloroform proton is abstracted
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by the basic //-heterocyclic carbene, as in the reaction of imidazolin-2-ylidenes 
with chloroform (Scheme 1.13),[12] subsequent insertion of the imidazol-2-ylidene 
moiety into the chloroform C-H bond is not observedJ12] The formation of the 
dichloromethyl-imidazolium chloride is believed to proceed via a mixed-carbene 
dimer intermediate, similar to the species formed as a result of the reaction of 




























Scheme 1.16: Chlorine substitution of imidazol-2-ylidene C(4/5)-H hydrogen atoms
Arduengo et al. also demonstrated that rapid exchange of the C(4/5)-H hydrogen 
atoms for chlorine substituents occurs when an imidazol-2-ylidene is reacted with 
two equivalents of carbon tetrachloride (Scheme 1.16).[88] The first step of this 
substitution reaction is believed to be the generation of a 2-chloro-imidazolium 
salt analogous to the 2-chloro-imidazolinium species produced during the reaction 
of imidazolin-2-ylidenes with carbon tetrachloride (Scheme 1 .1 4 ) P 2^  However, 
rather than undergoing a-elimination of a chloride ion to yield dichlorocarbene, 
the trichloromethyl anion in this case abstracts a proton from the C(4/5) position
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of the imidazolium cation.[88] This results in the formation of a highly reactive 
intermediate possessing a carbene centre at C(4/5), which formally abstracts Cl 
from a further equivalent of carbon tetrachloride, subsequently regenerating the 
CC13" anion.[88] Ultimately, the remaining C(4/5)-H hydrogen atom is exchanged 
for a chlorine substituent in the same manner, yielding a remarkably air-stable 
4,5-dichloro-imidazol-2-ylidene (Scheme 1.16).[88]
Further reaction of this 4,5-dichloro-imidazol-2-ylidene with carbon tetrachloride 
generates the corresponding 2,4,5-trichloro-imidazolium trichloromethyl salt.[88] 
However, over time, dichlorocarbene is generated due to the a-elimination of a 
chloride ion from the CCh-  anion, to yield the related 2,4,5-trichloro-imidazolium 
chloride (Scheme 1.17).[88] A mixed-carbene dimer (Scheme 1.17) then forms by 
means of the combination of the dichlorocarbene produced with an A-heterocyclic 
carbene moiety, in an analogous reaction to that depicted in Scheme 1.14.[881
+ CCI4
Scheme 1.17: Reaction of 4,5-dichloro-imidazol-2-ylidene with carbon tetrachloride
The air-sensitivity of TV-heterocyclic carbenes, with the notable exception of the 
remarkably stable 4,5-dichloro-imidazol-2-ylidene prepared by Arduengo et al. 
(Scheme 1.16),[88] is well-documented/1 ’77,88] even though it was relatively poorly 
understood until only quite recently. Denk et al. conducted an investigation into 
the reactivity of free imidazol-2-ylidenes and imidazolin-2-ylidenes towards small 
molecules such as oxygen and water and reported that TV-heterocyclic carbenes 
are, in fact, inert towards oxygen but are hydrolysed by water (Scheme 1.18).[98] 
As a result, the observed air-sensitivity of these species has been attributed to the 
presence of water vapour in the air.[98]
Reports of abnormal TV-heterocyclic carbene binding to metal centres^14, 121 ’ 270^  provide some 
evidence that a carbene centre can be supported in the C(4/5) position.
18
lBu
Scheme 1.18: Hydrolysis of an imidazol-2-ylidene
Hydrolysis of TV-heterocyclic carbenes proceeds rapidly for imidazolin-2-ylidenes, 
but is slow in the case of the imidazol-2-ylidenes (Scheme 1.18)/98] The reaction 
is not catalysed by either acid or base, and Denk et ah suggest it occurs via the 
insertion of the TV-heterocyclic carbene into a water O-H bond/98]
1.6: Metal-/¥-heterocyclic carbenes in catalysis
TV-heterocyclic carbenes are considered to be analogous to the phosphine ligands 
ubiquitous in catalysis/230’2391 as a result, significant research effort is focused on 
evaluating the catalytic potential of their transition metal complexes/20, 21 ’30, 2351 
However, phosphine ligands have been quite extensively developed, and tailored 
to provide highly specialised transition metal-phosphine catalysts/258, 261, 271'280] 
Transition metal complexes of TV-heterocyclic carbenes are unlikely to represent a 
viable alternative until specialisation available with these ligands approaches that 
of phosphine systems/258,261,271"280] This challenge is now being addressed, and 
much of the innovation in phosphine ligand design has been successfully applied 
to TV-heterocyclic carbenes; with donor-arm functionalised/6, 23, 28, 232,237, 281, 2821 
chiral/67,126,222,283'286] solid-supported[287'289] and chelating[2,35,38] TV-heterocyclic 
carbenes recently reported in the chemical literature.
The enthalpy of dissociation of transition metal-TV-heterocyclic carbene bonds is 
higher than that of transition metal-phosphine bonds/143,170,287,2901 Consequently, 
the thermal stability of transition metal-TV-heterocyclic carbene species is greater 
than that of their phosphine counterparts/5,30,170,238,2391 The increased strength of 
the transition metal-TV-heterocyclic carbene bond, in comparison to a transition 
metal-phosphine bond, also has implications in solid-supported catalysis. The
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immobilisation of a transition metal catalyst through an TV-heterocyclic carbene, 
rather than via a phosphine ligand, is anticipated to result in reduced catalyst 
leaching, maintaining catalyst activity over the course of a number of runs.1-20’288]
Transition metal complexes that incorporate TV-heterocyclic carbene ligands have 
been employed in the catalysis of a number of different organic transformations. 
Recent review articles118,20,21 ] provide an excellent treatise of the implementation 
of these species in the catalysis of hydroformylation and hydrogenation reactions, 
and the hydrosilylation of alkenes, alkynes and ketones. However, it should be 
noted that the selectivity and activity of TV-heterocyclic carbene catalysts is often 
inferior to that of their phosphine counterparts, although, only a limited number of 
TV-heterocyclic carbene ligands have been evaluated to date.
The performance of transition metal-TV-heterocyclic carbene complexes rivals that 
of more established transition metal-phosphines in the catalysis of ring-opening 
olefin metathesis polymerisations (Scheme 1.19).18,109,112,291’292] Replacement of 
the phosphine ligands of the ruthenium phosphine alkylidene systems developed 
by Grubbs et a lP93'296] with TV-heterocyclic carbenes provides a series of effective 
olefin metathesis catalysts.1180,182,246,291’298] The activity of bisimidazol-2-ylidene 
derivatives is comparable to that of the analogous bisphosphine systems.1238, 2461 
Superior catalytic activity is exhibited by complexes bearing imidazol-2-ylidenes 
(unsaturated TV-heterocyclic carbenes) and phosphines,1180, 217, 238] the efficacy of 
these species is in turn surpassed by the analogous imidazolin-2-ylidene (saturated 
TV-heterocyclic carbene) ligated systems.18,184,299'308]
o
J n
Scheme 1.19: Ring-opening metathesis polymerisation reaction
The phenomenal activity of ruthenium alkylidene species bearing TV-heterocyclic 
carbenes and phosphine ligands is thought to verify that, when catalysts analogous 
to the phosphine systems developed by Gmbbs et a lP 93'296J are employed in olefin 
metathesis, a dissociative reaction mechanism is favoured.120,182,3091 Based on the
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relative dissociation enthalpies of transition metal-TV-heterocyclic carbene bonds 
and transition metal-phosphine bonds, decoordination of the phosphine ligand, 
rather than the TV-heterocyclic carbene, occurs to facilitate the coordination of the 
substrate/ 2 0 , 3093 The TV-heterocyclic carbene stabilises the reactive metal fragment 
until the reaction reaches completion, and subsequent phosphine recoordination 
takes placed20’ 3093
TV-heterocyclic carbenes stabilise metals in high and low oxidation states^2, ! 1 1 , 1533 
and, therefore, constitute ideal ligands for transition metal complexes employed in 
the catalysis of carbon-carbon coupling reactions involving oxidative addition and 
reductive elimination steps. Transition metal-TV-heterocyclic carbene complexes 
have indeed been successfully employed in the catalysis of the Heck reaction 
(Scheme 1.20) [2 0 ,2 1 ,1 7 0 ,3103 and other coupling reactions/ 2 0 ,2 1 , 1 7 0 , 3103 Although, as 
is the case in olefin metathesis, catalysts in which TV-heterocyclic carbene ligands 
are combined with phosphines tend to exhibit superior activity/ 2 0 , 2 1 , 1 7 0 , 3103 which 
is further enhanced on increasing the steric bulk of the TV-heterocyclic carbenes or 
phosphines coordinated to the metal centre/20,21,170’310i
Scheme 1.20: Heck carbon-carbon bond forming reaction
Ionic liquids represent an alternative reaction medium to the hydrocarbon solvents 
that are extensively utilised in industrial processes, and significant recent research 
effort has been dedicated to the development and evaluation of systems based on 
imidazolium salts/311'3133 Many transition metal catalysed reactions, including the 
Heck coupling reaction (Scheme 1.20), have now been successfully conducted in 
an imidazolium salt ionic liquid medium/314'3193 Although these solvent systems 
are regarded as inert in nature, reports of the oxidative addition of imidazolium
T1 17 2 1 A 1 7 0  1771salts to metal fragments suggest that this is not necessarily the case.1 J
Indeed, there is some evidence that the catalytically active species in transition 
metal catalysed transformations performed in imidazolium salt ionic liquids are, 
in fact, in situ generated transition metal-imidazol-2-ylidene species/316,320,3223
21
TV-heterocyclic carbenes are generally considered to be innocent spectator ligands, 
however, a number of reports to the contrary have been published in the chemical 
literature.1107,110,122] For instance, the TV-heterocyclic carbene ligands within some 
ruthenium, rhodium and iridium coordination compounds have been shown to be 
susceptible to C-H and C-C bond activation.^57,122,250"252] Moreover, the reductive 
elimination of 2-substituted imidazolium salts from palladium-imidazol-2-ylidene 
complexes, which has implications for the use of transition metal-TV-heterocyclic 
carbene species in metal-mediated catalysis, has also been observed.1107,110,117’2141 
A better understanding of these processes would facilitate the design of transition 
metal-TV-heterocyclic carbene catalyst systems in which such reactions are limited, 
or perhaps exploited in pre-catalyst activation. The reaction of non-conventional 
TV-heterocyclic carbene precursor salts with basic metal source species is expected 
to represent a key synthetic strategy in the preparation of such highly specialised 
metal-TV-heterocyclic carbene complexes.
A better understanding of the chemistry of imidazolium salts may provide an 
insight into the interaction of imidazolium salt ionic liquids with transition metal 
complexes, and various starting materials and reaction products. Consequently, in 
addition to highlighting the exploitation of non-conventional imidazolium salts as 
precursors to metal-imidazol-2-ylidene complexes with diverse ancillary ligation, 
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Hydrogen-Bonded Organic Precursors to Metal 
/V-Heterocyclic Carbene Complexes
2.1: Introduction
This chapter reports the preparation and characterisation of a series o f hydrogen- 
bonded organic metal-TV-heterocyclic carbene precursors. Before reviewing some 
of the reports within the literature that are more specifically related to this study, a 
brief introduction to the concept of hydrogen-bonding would perhaps be useful.
A hydrogen bond, [5 A -H 8+ B5 ], may be described as an electrostatic interaction
between the partially deshielded Lewis acidic hydrogen atom o f a hydrogen bond 
donor group (A-H), and the lone-pair or polarisable 7i-electron cloud of a Lewis 
basic hydrogen bond acceptor group (B) (Figure 2.1).[1] Evidence for hydrogen- 
bonding within a given system may be provided by IR or 'H-NMR spectroscopy, 
by means of a shift in v(A-H) or 5(A-H).[1J Single crystal diffraction experiments 
are perhaps more useful as they provide precise information o f molecular structure 
in the solid state, which facilitates comparison o f hydrogen-bonding interactions. 
The atom or group (A) bearing the Lewis acidic hydrogen and the hydrogen bond 
acceptor group (B) may be located by x-ray diffraction, although precise hydrogen 
atom positions can only be determined through neutron diffraction studies.
Figure 2.1: Convention for the description of hydrogen-bonding interactions
In line with convention, throughout this thesis hydrogen-bonding interactions in 
the solid state will be compared in terms of the parameters D, d  and 0\ where D  is 
the distance between the atom or group (A) bearing the Lewis acidic hydrogen 
atom and the Lewis basic hydrogen bond acceptor group (B), d  corresponds to the 
H B separation, and 6 represents the A -H  B angle (Figure 2.1).[1]
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2.1.1: Background
Remarkably stable TV-heterocyclic carbenes have been the focus of considerable 
research interest ever since Arduengo et al. reported the isolation of the first stable 
crystalline im idazo l-2-y lidene.They are generally regarded as analogues to the 
phosphine ligands ubiquitous in organometallic chemistry,[3] and as a result their 
coordination chemistry has been extensively studied. [3'5] Indeed, transition metal- 
TV-heterocyclic carbenes are now finding utility in the catalysis of carbon-carbon 
bond forming reactions[6'10] and olefin metathesis.11 M7]
Metal-TV-heterocyclic carbenes are often prepared via the in situ deprotonation of 
azolium precursor salts by metal source compounds possessing basic ligands 
(Scheme 2.1).[18'30] This methodology is quite well developed in terms of the 
diversity of TV-heterocyclic carbene that can be incorporated into the resulting 
metal complex. Indeed, this synthetic strategy has been applied to the preparation 
of imidazolium, benzimidazolium, imidazolinium, and triazolium derived metal- 
TV-heterocyclic carbene complexes.[25"29]
2 AcOH
Scheme 2.1: A metal-TV-heterocyclic carbene complex via imidazolium salt deprotonation
However, variation of the azolium salt anion has attracted only limited attention in 
comparison. The in situ deprotonation of an azolium halide with a suitable metal 
source generates the corresponding neutral, halide ligated, metal-TV-heterocyclic 
carbene complex (Scheme 2.1).[24] Exchange of the azolium halide salt anion via 
salt metathesis[29J allows the preparation of cationic metal-TV-heterocyclic carbene 
species possessing non-coordinating anions by means of this in situ deprotonation 
methodology (Scheme 2.2).[29,30]
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The azolium salt anion affects the binding mode of pyridyl-sidearm functionalised 
chelating TV-heterocyclic carbene ligands in cationic metal fragments prepared via 
this in situ deprotonation methodology. Subtle variation of the anion in otherwise 
identical azolium salts allows metal complexes with both conventional C(2)- and 
unusual C(4/5)-bound (Scheme 2.2) TV-heterocyclic carbenes to be accessed by 
means of this synthetic strategy.t31] Since the non-coordinating anion can have 
such an impact on the chemistry of cationic metal-TV-heterocyclic carbene species, 
variation of the azolium salt anion provides an opportunity to tailor the properties 
of such metal complexes that, to date, has been under-exploited in comparison to 
modification of the azolium salt cation.
Mes
Scheme 2.2: A cationic metal-TV-heterocyclic carbene via imidazolium salt deprotonation
The in situ deprotonation methodology is not only a convenient strategy for the 
synthesis of metal species bearing TV-heterocyclic carbene ligation, but, since the 
azolium precursor salt anion may be incorporated into the resulting metal complex 
as an ancillary ligand (Scheme 2.1), it also represents a useful approach to the 
preparation of metal complexes possessing reactive substituents such as amide 
and alkoxide functionalities. Conceivably, the properties of these species could 
be tailored to provide catalytically active metal-TV-heterocyclic carbenes by fine- 
tuning the reactive functionality via systematic variation of the azolium salt anion.
In addition to representing convenient precursors to metal-TV-heterocyclic carbene 
complexes; azolium salts are also utilised as room temperature ionic liquids.[32,33] 
Systematic variation of the anion should facilitate optimisation of the molten-salt 
solvent system for any given application, which may subsequently lead to these 




2.1.2: Imidazol-2-ylidenes and Organic Acids
f = \
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Scheme 2.3: Reaction of an imidazol-2-ylidene with acidic organic compounds 
(i) 2,6-di-ter/-butyl-4-methylphenol, toluene; (ii) diphenylamine, toluene
The biscarbene-proton complex reported by Arduengo et a lP ^  demonstrates that 
strongly basic imidazol-2-ylidenes[35,36] may behave as hydrogen bond acceptors 
and that imidazolium cations are C(2)-H hydrogen bond donors. Furthermore, the 
less acidic C(4/5)-H backbone hydrogen atoms of imidazolium cations have also 
been observed to participate in hydrogen-bonding interactions;137,38] indeed, the 
polymeric supramolecular extended structure of simple imidazolium halide salts is 
the result of intramolecular and intermolecular hydrogen-bonding between the 
halide anions and imidazolium cations through C(2)-H X~ and C(4/5)-H X-
contacts, respectively.[34]
Our recent report on the reaction of an imidazol-2-ylidene with acidic organic 
compounds^39^ demonstrates that azolium salts with non-conventional anions may 
be prepared by exploiting the basicity of these //-heterocyclic carbenes.134'36’ 39'41] 
Specifically, the direct reaction of a substituted phenol with an imidazol-2-ylidene 
was shown to yield the related imidazolium phenoxide salt (Scheme 2.3).[39] The
39
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Figure 2.2: N(l)-C(2)-N(3) angle within the heterocyclic core of imidazolium salts
and imidazol-2-ylidene species
analogous reaction of a secondary amine with the imidazol-2-ylidene formed a 
neutral imidazol-2-ylidene: amine adduct rather than an imidazolium amide salt 
(Scheme 2.3).[39] Although not an azolium salt, the in situ deprotonation of this 
adduct would still facilitate the incorporation of a reactive amide ligand into a 
metal-TV-heterocyclic carbene complex.
The structural differences observed in the heterocyclic cores o f imidazolium salts 
and imidazol-2-ylidenes allow the differentiation of these species on the basis of 
data obtained by single crystal x-ray diffraction. Indeed, the results from a search 
of the Cambridge Structural Database (Version 5.25, January 2004 Update)[42] 
clearly show that the heterocyclic core metrical parameters of imidazolium salts 
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Figure 2.3: Correlation between N(l)-C(2)-N(3) angle and N-C(2) bond length 
in imidazolium salts and imidazol-2-ylidene species
Imidazol-2-ylidenes possess more acute N(l)-C(2)-N(3) angles than imidazolium 
salts (Figure 2.2); for instance, the N(l)-C(2)-N(3) angles within the heterocyclic 
cores of the neutral compound l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene 
(IMes) and the cation of the related organic salt l,3-bis-(2,4,6-trimethylphenyl)- 
imidazolium chloride ([IMesH][Cl]) are reported as 101.4(2)o[43] and 108.7(4)°,[34] 
respectively. Additionally, the significantly shorter N-C(2) bond lengths observed 
within imidazolium cations compared to those of imidazol-2-ylidenes (1.326(5) A 
within the heterocyclic core of the l,3-bis-(2,4,6-trimethylphenyl)-imidazolium 
chloride salt ([IMesH][Cl])[341 versus 1.368(4) A observed within the Lewis basic 
neutral organic compound l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene[431) 
demonstrate that the delocalisation of electronic charge around the heterocyclic 
ring o f these systems is more pronounced than is the case in imidazol-2-ylidenes 
(Figure 2.3).
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2.2: Imidazolium Phenoxide:Phenol Adducts
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Scheme 2.4: Reaction of an imidazol-2-ylidene with acidic organic compounds 
(i) phenol, toluene; (ii) pentafluorophenol, toluene; (iii) 2,4,6-trimethylphenol, toluene
The reaction of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene (IMes) with 
two equivalents of phenol (PhOH), pentafluorophenol, or 2,4,6-trimethylphenol 
(MesOH), results in the formation of imidazolium phenoxide:phenol adducts 1, 2 
and 3 (Scheme 2.4), respectively. Attempts to prepare the imidazolium phenoxide 
salts [IMesH][OPh] and [IMesH][OMes] from dilute toluene solution, via the 
stoichiometric reaction of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene with 
one equivalent of phenol or 2,4,6-trimethylphenol, once again yield 1 and 3 as the 
only crystalline products (Scheme 2.4).¥ Reetz et al. have recently reported the 
preparation of a tetra-H-butylammonium phenoxide:phenol species, and, similarly, 
were unable to isolate the related tetra-H-butylammonium phenoxide salt.[44]
Imidazolium phenoxide:phenol adducts 1, 2 and 3 (Scheme 2.4) readily crystallise 
from cooling toluene solution, but do not redissolve in toluene on gentle warming.
¥ 'H-NMR spectroscopy suggests that the reaction of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2- 
ylidene with one equivalent of 2,4,6-trimethylphenol in dilute tetrahydrofuran solution yields a 
mixture of [IMesH][OMes] and compound 3; subsequent separation of these two species could not 
be achieved and, therefore, no further characterisation carried out.
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These species are, however, soluble in dichloromethane and chloroform, although 
significant decomposition is observed over the course of half an hour in such 
solvents. Characterisation of 1 and 3 by ]H- and ^ C j'H j-N M R  spectroscopy was 
undertaken in d^-DMSO solution, since decomposition is less pronounced in this 
solvent. Unfortunately, compound 2 is not sufficiently soluble in dg-DMSO to 
facilitate the acquisition of NMR data; *H- and ^C l'H I-N M R  spectra for this 
species were, therefore, recorded in CD2CI2 solution. The NMR data for 1, 2 and 
3 is consistent with these species being hydrogen-bonded imidazolium phenoxides 
(Scheme 2.4). In light o f their similarities, the 1 H-NMR spectra of compounds 1 
and 3 recorded in d^-DMSO solution will be discussed together, and, likewise, the 
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Figure 2.4: 'H-NMR spectrum of 1 in d6-DMSO recorded at 300 MHz
Integration of the H-NMR data acquired from d^-DMSO solutions o f compounds 
1 (Figure 2.4) and 3 reveals that these species are composed of one imidazol-2- 
ylidene-derived moiety and two units related to the phenol (Scheme 2.4). The 
acidic imidazolium C(2)-H and phenolic protons are not fully accounted for in the 
'H-NMR spectra o f 1 (Figure 2.4) and 3, which suggests that exchange processes,
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consistent with the existence of hydrogen-bonding interactions in solution, are in 
operation. The 1 H-NMR spectra of these imidazolium phenoxide:phenol adducts 
provide no evidence that exchange of the less acidic C(4/5)-H backbone hydrogen 
atoms, as reported by Denk et a/.,[45] occurs in solution. The existence of only one 
set of resonances corresponding to both the phenoxide anion and phenol moiety in 
the 1 H-NMR spectra of these species (Figure 2.4) confirms that phenoxide-phenol 
exchange is occurring and is rapid on the NMR timescale.
A broad low-field resonance attributed to the imidazolium proton is apparent in 
the 1 H-NMR spectrum of 1 at a chemical shift of 9.75 ppm (Figure 2.4), however, 
the absence of such a signal in the 1 H-NMR spectrum of 3 does not preclude this 
species being described as an imidazolium salt. Indeed, since the degree of charge 
delocalisation around the heterocyclic core is different in imidazol-2-ylidenes and 
imidazolium salts,[2’46^ 8J the chemical shift of the C(4/5)-H backbone hydrogens 
provides a good indication of whether a given system is more A-heterocyclic 
carbene-like or azolium salt-like. The 1 H-NMR spectra of 1 (Figure 2.4) and 3 
both exhibit a singlet corresponding to the C(4/5)-H backbone hydrogens of an 
imidazolium cation in d^-DMSO solution (8.26 and 8.22 ppm, respectively),[49] 
rather than that of an imidazol-2-ylidene species (7.38 ppm in the 1 H-NMR 
spectrum of 15 in d^-DMSO (Figure 2.24)).
The ]H-NMR spectra of 2 and 3 in CD2CI2 solution (Figure 2.5) exhibit a single 
broad low-field resonance corresponding to the acidic imidazolium C(2)-H and 
the phenolic protons at 10.32 ppm and 11.32 ppm, respectively. The C(4/5)-H 
backbone hydrogens are observed at a chemical shift of 7.47 ppm in the 1 H-NMR 
spectrum of 2, and 7.21 ppm in that of compound 3 (Figure 2.5). The existence of 
only one set of resonances corresponding to the phenoxide anion and phenol 
moiety in the !H-NMR spectrum of 3 (Figure 2.5) and the I9F-NMR spectrum of 
2, suggests that phenoxide-phenol exchange is occurring in solution and is rapid 
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Figure 2.5: 'H-NMR spectrum of 3 in CD2C12 recorded at 300 MHz
The !3C{]H}-NMR data available for 2 and 3 in CD2CI2 solution compares well 
with that acquired from samples o f 1 and 3 in d^-DMSO, in terms of the chemical 
shift of the imidazolium cation resonances. The ^C ^H j-N M R  spectrum of 1 in 
d(5-DMSO solution (Figure 2.6) illustrates all the features that will be examined 
during the discussion of the ^C l'H I-N M R  data of adducts 1, 2 and 3, and, from 
this point of view, is representative of that of all these imidazolium species.
The absence of a resonance corresponding to a protonated C(2) carbon atom in the 
^C l'H J-N M R  spectra of 1 (Figure 2.6), 2 and 3, does not preclude these products 
being characterised as imidazolium species by means of their l3C {]H}-NMR data. 
Indeed, since the degree of delocalisation of charge around the heterocyclic core 
of imidazolium salts and imidazol-2-ylidenes is different,[2,46_48] the chemical shift 
of the C(4/5) carbon atom resonance facilitates differentiation between these two 
extremes. The ^C ^H j-N M R  spectra o f 1 recorded in d^-DMSO (Figure 2.6), 2 
in CD2CI2 solution, and 3 in both d^-DMSO and CD2CI2 , exhibit a resonance 
characteristic of the C(4/5) carbon atoms of a cationic imidazolium heterocyclic
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core, at, respectively, 124.7 ppm, 124.5 ppm and 124.4 ppm. The fact that the 
^C l'H J-N M R  spectra of 1 in d^-DMSO (Figure 2.6) and 3 in both d^-DMSO and 
CD2CI2 solution are not more complicated verifies that rapid exchange, on the 
NMR timescale, occurs between the phenoxide anion and phenol moiety.
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Figure 2.6: ^C^Hj-NMR spectrum of 1 in d6-DMSO recorded at 75.5 MHz
In line with the NMR spectroscopic evidence, analysis of suitable single crystals 
of 1, 2 and 3 by x-ray diffraction reveals that these species are hydrogen-bonded 
imidazolium phenoxide:phenol adducts (Scheme 2.4). The asymmetric units are, 
in all cases, composed of a single imidazolium cation, a phenoxide anion and a 
molecule of phenol (Figure 2.7); the metrical parameters o f which are consistent 
with those previously reported in the literature for imidazolium cations, phenoxide 
anions and phenols. The N (l)-C (2)-N (3) angle within 1, 2 and 3, at 107.9(1)°, 
108.3(2)° and 107.4(2)°, respectively, correlates well with that observed for 1,3- 
bis-(2,4,6-trimethylphenyl)-imidazolium chloride (108.7(4)°),[34J which provides 
compelling evidence that the imidazol-2-ylidene moiety is protonated in the e x ­
position on reaction with two equivalents o f phenol, pentafluorophenol or 2,4,6-
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trimethylphenol (Scheme 2.4). The average N -C(2) bond lengths in adducts 1 
and 3 (1.335(2) A and 1.335(2) A, respectively) are shorter than that of the parent 
imidazol-2-ylidene (1.368(4) A),1431 which is again indicative of an imidazolium 
heterocyclic core. At 1.361(2) A, the average N -C(2) bond length within 2 is 
significantly longer than in 1 and 3, and, in fact, compares well with that of 1,3- 
bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene (1.368(4) A). As in the analogous 
tetra-tf-butylammonium phenoxide:phenol adduct prepared by Reetz et al.}44] the 
O-C(ipso) bond length of the phenoxide anion is shorter than that in the phenol 
unit (1.321(2) A versus 1.350(2) A in 1; 1.340(2) A versus 1.357(3) A in 2; and
1.332(2) A versus 1.360(2) A in 3); due either to the donation of electron-density 
into the 7t-cloud of the aromatic ring, or, to the fact that the phenoxide participates 
in C -H  CT hydrogen-bonding solely as a hydrogen bond acceptor - whereas the










Figure 2.7: Graphical representation of the molecular structure of 2
Determination of the solid state structure of 1, 2 and 3 by single crystal x-ray 
diffraction allows the elucidation and complete characterisation of the hydrogen- 
bonding interactions within these species. The intramolecular hydrogen-bonding 
motifs observed in compounds 1, 2 (Figure 2.7) and 3 are remarkably similar 
(Scheme 2.4), and shall, therefore, be discussed together. Subtle differences, 
however, exist in the intermolecular interactions exhibited in these imidazolium 
phenoxide:phenol systems, which shall subsequently be examined individually.
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In all cases, the imidazolium cation and phenoxide anion represent a contact ion 
pair associated through C-H CT interactions (D = 2.837(2) A, d  = 1.86(2) A and
6=  168(2)° in 1; D = 3.121(2) A, d  = 2.13(2) A and 0 = 178(2)° in 2; and D = 
2.911(2) A, d  = 1.98(2) A and 0=  168(2)° in 3), which exhibit minimum C O
separations (D) at the short end of the range for such hydrogen bonds.[50J Indeed, 
the intramolecular C-H O-  interactions in 1 and 3 are shorter than some of the
shortest structurally characterised C-H O contacts reported to date; shorter, in
fact, than in the neutral adducts [((NC^CH^.dioxane] (D = 2.94 A, d  = 2.01 A 
and 9= 146' (C-H corrected to 1.07 A))[511 and [Ph3SiOCH.OPPh3] (D = 3.02 A, 
d  = 2.01 A and 6=  155°)/52' the chiral bisoxazoline-derived imidazolium triflate 
salt isolated by Glorius et al. (D = 3.00 A, d  = 2.01 A and 9  = 165")/53' and 
[(Ph3PCH3)+(2,6-Ph2C6H30)”] (D = 3.02 k , d  = 1.94 A and 9= 167').[54]
The heavy-atom separation (D) within C-H O hydrogen bonds is related to the
acidity of the C-H donor and the basicity of the oxygen acceptor;[55_58] however, 
the effect of crystal packing forces upon this weak electrostatic interaction should 
not be underestimated. The similar relative orientation of the three components 
(the imidazolium cation, the phenoxide anion, and the phenol moiety) in 2 (Figure 
2.7) and 3 allows the effect of the phenoxide anion basicity on the intramolecular 
C-H O-  interaction to be explored. At 3.121(2) A and 2.911(2) A, the C O
separations (D) observed within the intramolecular C-H O-  interactions in 2 and
3, respectively, suggest that the more basic the phenoxide anion the shorter the 
intramolecular C-H O-  contact. The pKa values of 2,4,6-trimethylphenol and
pentachlorophenol in water are 10.39 and 4.75,[59] respectively; demonstrating that 
pentachlorophenol is more acidic than 2,4,6-trimethylphenol (pentafluorophenol 
is expected to be even more acidic than pentachlorophenol). The 2,4,6-trimethyl- 
substituted phenoxide anion is therefore more basic than the conjugate base of 
pentachlorophenol (which by analogy should be more basic than the pentafluoro- 
substituted phenoxide anion). However, although phenol is more acidic than 
2,4,6-trimethylphenol (pKa values in water of 9.92 and 10.39, respectively),[59] the
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C -H  O interaction in 1 is shorter than that in 3; crystal packing effects may
account for this disparity.
Further to the short intramolecular C -H  O” interaction, the imidazolium cation
and phenoxide anion in compound 2 are held in intimate contact by a pairwise 
^(arene) 7i(haloarene) stack, which involves one of the mesityl substituents of
the cation and the 7i-system of the phenoxide anion (centroid-centroid: 3.831(1) A; 
shortest perpendicular distance: 3.525(2) A) (Figure 2.8); the intercentroid 
distance between the arene and haloarene rings within this short stack is
Figure 2.8: Pairwise and infinite re(arene) 7i(haloarene) stacking in the solid state
structure of 2 determined by single crystal x-ray diffraction analysis
comparable to those recently reported by Nangia et al.[60] In the same vein, the 
cationic and anionic components within the asymmetric unit of 3 associate via a 
7r(arene) 7i(arene) interaction involving a mesityl substituent o f the imidazolium
cation and the 7c-system of the phenoxide anion (centroid-centroid: 3.823(2) A; 
shortest perpendicular distance: 3.476(2) A). The phenol moiety in compound 2 
is also held in place by an intramolecular 7r(arene) 7i(haloarene) interaction that
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involves the second mesityl substituent of the imidazolium cation and possesses 
an arene-haloarene ring separation comparable to those within polyfluorinated 
tolans, as reported in a recent paper1613 (centroid-centroid: 4.117(1) A; shortest 
perpendicular distance: 3.589(2) A); which extends into an infinite stack to link 
molecules of 2 together in polymeric chains (Figure 2.8).
The phenoxide anion and phenol moiety in products 1, 2 and 3 are, in all cases, 
associated by means of O-H O-  hydrogen-bonded contacts (D = 2.486(2) A, d  =
1.44(3) A and 0 = 176(3)” in 1; D  = 2.487(2) k , d =  1.43(4) A and 0=  163(3)° in 
2; and D = 2.506(2) A, d  = 1.34(3) A and 0  = 173(3)° in 3); Reetz et al. have 
reported a comparable interaction within an analogous tetra-w-butylammonium 
phenoxide:phenol adduct.[44] The phenol unit acts as a hydrogen bond acceptor in 
the intermolecular interactions that link individual molecules of 1, 2 and 3 into the 
extended supramolecular arrays observed in the solid state; a detailed discussion 
of the intermolecular interactions within each of these species follows below.
Although the C(4/5)-H backbone hydrogens are less acidic than the imidazolium 
C(2)-H proton, hydrogen-bonding interactions involving these atoms often govern 
the supramolecular structure of imidazolium salts, imidazol-2-ylidene adducts and 
metal-A-heterocyclic carbene complexes;[34,62,633 implying that they are still good 
hydrogen bond donors. Both C(4/5)-H hydrogen atoms in 1 and 3 are involved in 
the formation of the one-dimensional polymeric chains connecting each molecule 
of the imidazolium phenoxide:phenol adduct to the next. However, in the solid 
state structure of 2, two different polymer chains intersect at each imidazolium 
cation, leading to the formation of a molecular grid in which any given molecule 
of 2 is linked to two neighbouring molecules via its two C(4/5)-H substituents.
The polymeric extended structure of 1 (Figure 2.9) is the result of cooperative 
intermolecular C-H 7t(arene) (D = 3.577(2) A, d  = 2.81(3) A and 0 — 139(3)°),
[C2-H2 centroid(C101-C106)], and C-H O interactions (D = 3.264(2) A, d  =
2.53(3) A and 6 = 135(3)°), [C3-H3 01]; in which the C(4/5)-H hydrogen
atoms of the imidazolium cation act as hydrogen bond donors, and the phenol unit
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Figure 2.9: Supramolecular structure of imidazolium phenoxide:phenol adduct 1
behaves as a hydrogen bond acceptor. Similar intermolecular C -H  7t(arene) and
C -H  O interactions are exhibited in the solid state supramolecular structure of 3
(Figure 2.10); in this case the C -H  O interaction (D  = 3.174(2) A, d  = 2.25 A
and 6 = 164°), [C2-H2 01], once again involves the oxygen atom of the phenol
moiety, although it is the 7t-system of the phenoxide anion that participates
Figure 2.10: Polymeric extended structure of imidazolium phenoxide:phenol adduct 3
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in the C -H  7c(arene) interaction (D = 3.206(2) A, d=  2.45(3) A and 6=  136(3)°),
[C3-H3 centroid(C20B-C25B)] (Figure 2.10). The geometric parameters of
these intermolecular interactions are quite representative of C -H  7r(arene) and
C -H  O hydrogen-bonding interactions.150,641
The hydrogen-bonding interactions comprising the two polymeric chains observed 
in the solid state structure of compound 2 involve distinctly different electrostatic 
interactions. C -H  O-  contacts (D = 3.162(2) A, d  = 2.57(2) A and 0 -  118(2)°),
[C3A-H3A 041“], between one of the imidazolium cation C(4/5)-H backbone
Figure 2.11: C-H O interactions and intramolecular O-H O contacts in the solid
state structure of 2 determined by single crystal x-ray diffraction
hydrogens of one molecule of 2 and the phenoxide anion of a neighbouring 
molecule, are responsible for the formation of one polymeric chain (Figure 2.11). 
As might be expected on the basis of the relative acidities of the C-H hydrogen 
bond donor groups; this intermolecular hydrogen-bond (D = 3.162(2) A, d  =
2.57(2) A and 6=  118(2)°), [C3A-H3A 041“] (Figure 2.11), is longer than the
H3
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intramolecular C -H  0" contact (D = 3.121(2) A, 2.13(2) A and 178(2)“),
[C l-H l 0 4 F ]  (Figures 2.7 and 2.1 l).[55‘58l
In the second polymeric chain, the imidazolium cation of one molecule of 2 and 
the phenol unit of a neighbouring molecule associate through an intermolecular 
7t(arene) 7i(haloarene) interaction; involving the delocalised rc-systems of one of
the imidazolium cation mesityl substituents and the phenol moiety of the adjacent 






Figure 2.12:7t(arene) 7i(haloarene) stacking in the solid state
structure of imidazolium phenoxide:phenol adduct 2
3.511(2) A). This extends the intramolecular 7i(arene) 7r(haloarene) interaction
(centroid-centroid: 4.117(2) A; shortest perpendicular distance: 3.589(2) A) 
between the imidazolium cation mesityl ring and the phenol moiety of the same 
molecule of 2 into an infinite 7i-stack (Figures 2.8 and 2.12). This intermolecular 
7i(arene) 7r(haloarene) interaction is accompanied by an intermolecular C -H  F
(D = 3.168(3) A, d  = 2.45(2) A and = 128(2)“) contact, [C2-H2 F32A],
between the other C(4/5)-H hydrogen substituent of the imidazolium heterocyclic 
core and an ortho-fluorine substituent o f the phenol moiety.
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2.3: Imidazolium Phenoxide Salts
In addition to imidazolium phenoxide:phenol adducts 1, 2 and 3 (Scheme 2.4), we 
have isolated and characterised imidazolium phenoxide salts 4-10 (Scheme 2.5). 
Compounds 4-9 are accessible via the reaction of l,3-bis-(2,4,6-trimethylphenyl)- 
imidazol-2-ylidene with one equivalent of the corresponding substituted phenol 
(Scheme 2.5). The reaction of 4,4’-methylene-bis-(2,6-di-tert-butylphenol) with 
two equivalents of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene results in 
the formation of the bisimidazolium diphenoxide salt 10 (Scheme 2.5).















Scheme 2.5: Reaction of an imidazol-2-ylidene with acidic organic compounds 
(i) pentachlorophenol, toluene/tetrahydrofuran; (ii) catechol, tetrahydrofuran; 





The imidazolium phenoxide salt 4 is isolated as a white microcrystalline solid 
from toluene solution, or colourless needles suitable for study by x-ray diffraction 
from tetrahydrofuran. Compounds 5, 8 and 9 are crystalline materials; 6 and 10 
are microcrystalline solids; and 7 is a white powder. Recrystallisation of 8 from 
acetonitrile provides crystals suitable for study by x-ray diffraction. Compounds 
4-10 are readily soluble in dichloromethane, dimethyl sulphoxide and chloroform 
solution, although decomposition is often observed over time.
Analysis of 4-10 by NMR spectroscopy reveals that these compounds are discrete 
imidazolium phenoxide salts (Scheme 2.5), rather than imidazol-2-ylidene:phenol 
adducts. Integration of the 1 H-NMR data obtained from samples of these species 
in dtf-DMSO solution demonstrates that their composition is consistent with the 
reaction stoichiometry (Scheme 2.5). The 1 H-NMR spectra of 4, 5 (Figure 2.13), 
6 (Figure 2.14) and 8 exhibit a broad low-field resonance corresponding to the 
acidic imidazolium C(2)-H at a chemical shift of 9.69 ppm, 8.73 ppm, 9.94 ppm 
and 9.91 ppm, respectively (Table 2.1). The broad nature of these peaks suggests 
that these protons are involved in exchange processes in solution; this is perhaps 
best illustrated in the 1 H-NMR spectrum of the imidazolium phenoxide salt 5 
(Figure 2.13), where a single resonance at 8.73 ppm is observed for both the 
imidazolium C(2)-H and phenolic protons. Exchange in solution is prominent in 
the 1 H-NMR spectrum of 7, such that a single broad resonance corresponding to 
the acidic imidazolium C(2)-H and phenolic protons, and hydroquinone aromatic 
hydrogen atoms, is observed at a chemical shift of 6.34 ppm (Table 2.1). The 
absence of a resonance corresponding to the imidazolium C(2)-H proton in the 
1 H-NMR spectra of compounds 9 and 10 (Table 2.1) indicates that exchange in 
solution also occurs in these systems.
The dearth of a resonance corresponding to the acidic imidazolium C(2)-H proton 
in the 1 H-NMR spectra of compounds 9 and 10, complicates, but does not prevent, 
the characterisation of these species as imidazolium salts on the basis of their 1H- 
NMR data. Moreover, at 6.34 ppm in the 1 H-NMR spectrum of 7, the chemical 
shift of the acidic C(2)-H proton resonance (Table 2.1) alone does not provide 
convincing evidence that this species is an imidazolium phenoxide. However, the
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C(4/5)-H backbone hydrogen atoms are observed in the 1 H-NMR spectra of 4-10, 
recorded in d^-DMSO solution, at a chemical shift ranging between 8.21 ppm and
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Figure 2.13: ‘H-NMR spectrum of 5 in d6-DMSO recorded at 300 MHz
The imidazolium cation resonances remain reasonably static within the 1 H-NMR 
spectra of compounds 4-10 recorded in d(5-DMSO (Table 2.1), and therefore, the 
!H-NMR spectrum of 5 (Figure 2.13) may be considered representative of that of 
all these imidazolium phenoxide species. Indeed, comparison of the 1 H-NMR 
spectrum of 5 (Figure 2.13) with that o f compound 6 (Figure 2.14) provides a 
good illustration of this fact. Closer inspection of the ’H-NMR spectrum of 6 
(Figure 2.14) reveals that the resorcinol resonances are “shadowed” by smaller 
peaks at a higher chemical shift (0.04-0.08 ppm), which suggests that two 
different resorcinol-derived species are present in solution. The origin of this 
minor component is not known and the apparent absence of exchange between 





, C ( arom)H.
IMes-H
meta-H
T ' 1 I ' ' 
7.5
T 1 1 1 1 I ' 
5.0
1 ' 1 T 1 1 ' 1 I 1 
3.5 3.0
' ' ' I 1 ' 1 • I ' 1 1 
2.5 2.08.0 7.0 6.5 6.0 5.5 4.5 4.0
ppm
Figure 2.14: ‘H-NMR spectrum of 6 in d^-DMSO recorded at 300 MHz
The ^C ^H J-N M R  spectra o f samples of compounds 4-10 in d<j-DMSO solution 
provide further evidence that the imidazol-2-ylidene moiety is protonated at C(2) 
on reaction with pentachlorophenol, catechol, resorcinol, hydroquinone, 2-(2- 
hydroxyphenyl)benzoxazole, 2,6-di-ter/-butyl-4-methylphenol or 4,4’-methylene- 
bis-(2,6-di-/er/-butylphenol) (Scheme 2.5). Indeed, a resonance consistent with 
the imidazolium C(2) carbon atom is observed at a chemical shift o f 138.4 ppm,
139.2 ppm and 139.1 ppm, in the 13C{'H}-NMR spectra of compounds 4, 7 and 8, 
respectively (Table 2.1). The absence of such a peak in the 13C{1H}-NMR spectra 
of 5 (Figure 2.15), 6, 9 and 10, is believed to be a facet of the exchange processes 
in operation in solution. The classification o f these compounds as imidazolium 
species may, once again, be achieved with reference to the chemical shift of the 
C(4/5) backbone carbon atoms.
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4 5 6 7 8 9 10
1 H-NMR 
(dtf-DMSO)
C(2 )-H 9.69 8.73 9.94 6.34 9.91
C(4/5 )-H 8.28 8.24 8.26 8.23 8.27 8.22 8.21
13c -n m r
(d«rDMSO)
£(2) 138.4 139.2 139.1
£(4/5) 124.6 124.6 124.5 124.5 124.7 124.6 124.6
Table 2.1: Significant chemical shifts in the 'H- and ^C^Hj-NMR spectra of 4-10 
recorded in d6-DMSO at 298 K and quoted in units of ppm downfield of TMS
The olefinic C(4/5) carbons are observed at between 124.5 ppm and 124.7 ppm in 
the 13C{!H}-NMR spectra of 4-10 recorded in d^-DMSO (Table 2.1), indicative of 
a delocalised cationic imidazolium heterocyclic core. The degree of variation in 
the chemical shift o f the imidazolium cation resonances is slight, and, from this 
point of view, the ^C ^H j-N M R  spectrum of 5 (Figure 2.15) can be considered 
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Figure 2.15: 13C{‘H}-NMR spectrum of 5 in d6-DMSO recorded at 75.5 MHz
58
In accordance with the proposed structures of 4, 5, 8 and 9 in solution, analysis of 
suitable single crystals of these products by x-ray diffraction reveals that they are 
hydrogen-bonded imidazolium phenoxide salts (Scheme 2.5) in the solid state. 
The asymmetric units of 4, 5 and 8 contain a single imidazolium cation and a 
phenoxide anion; the metrical parameters of the cation are consistent with those 
reported for other imidazolium salts. For instance, the N(l)-C(2)-N(3) angles in 
compounds 4, 5 and 8 (at 108.0(3)°, 107.8(1)° and 107.8(1)°, respectively) 
correlate well with that of l,3-bis-(2,4,6-trimethylphenyl)-imidazolium chloride 
(108.7(4)°).[34] The average N-C(2) bond lengths in 4, 5 and 8 (at 1.339(4) A, 
1.335(2) A and 1.336(2) A, respectively) are shorter than that observed in the 
parent imidazol-2-ylidene (1.368(4) A).[43] The asymmetric unit of compound 9 
contains two crystallographically independent molecules, each composed of an 
imidazolium cation and a phenoxide anion; the average N-C(2) bond lengths 
within the two independent molecules are 1.337(3) A and 1.338(3) A, and the 
N(l)-C(2)-N(3) angle within both cations is 107.3(2)°. These structural features 
provide compelling evidence to support the protonation of the imidazol-2-ylidene 
moiety in the C(2)-position on reaction with one equivalent of pentachlorophenol, 
catechol, 2-(2-hydroxyphenyl)benzoxazole, and, 2,6-di-ter/-butyl-4-methylphenol 
(Scheme 2.5).
Organic salts incorporating the pentachlorophenoxide anion have previously been 
reported by Sobczyk[65] and Szafran;[66] more recently, thermally induced partial 
proton transfer from pentachlorophenol to 4-methylpyridine within an O-H N
hydrogen-bonded adduct has been studied by neutron diffraction.[67] Compounds 
5 and 8 are, to our knowledge, the first structurally characterised ion pairs that 
incorporate the conjugate bases of catechol and 2-(2-hydroxyphenyl)benzoxazole 
as the anionic component. The 2,6-di-te/7-butyl-4-methylphenoxide anion in 9 
has previously been crystallographically characterised in a related phosphonium 
phenoxide species.[54] The metrical parameters of the anions in compounds 4 and 
9 are consistent with those reported in the literature for these analogous systems.
The intramolecular hydrogen-bonding in compounds 4, 5, 8 and 9 is remarkably 
similar; the imidazolium cation and the phenoxide anion, in all cases, represent a
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contact ion pair associated through short C -H  O interactions (D = 2.914(4) A,
d =  2.029 A and 0  = 154.2° in 4; D  = 2.838(2) k , d =  1.90(2) A and 6=  162(1)° in 
5; D  = 2.896(2) A, d  = 2.00(2) A and Q = 153(2)° in 8; and D = 2.801(3) A, 
2.842(3) A; d  = 1.87(3) A, 1.88(3) A; and 6  = 175(2)°, 169(2)° in 9). These 
interactions are shorter than those in adducts [((N0 2)3CH)2.dioxane] (D = 2.94 A, 
d =  2.01 A and 0  = 146° (C-H  corrected to 1.07 A))[51] and [Ph3SiC=CH.OPPh3] 
(D = 3.02 A, d  = 2.01 A and 0 = 155°),[52] the bisoxazoline-derived imidazolium 
triflate salt isolated by Glorius et al. (.D = 3.00 A, d =  2.01 A and 6=  165°),[53] and 
[(Ph3PCH3)+(2,6-Ph2C6H30 ) - ] (D = 3.02 A, d =  1.94 A and 6 =  167°);[54] which 









Figure 2.16: Hydrogen-bonding in the solid state structure of 4 
determined by single crystal x-ray diffraction
The phenoxide anion and a mesityl substituent of the imidazolium cation in 
compound 4 lie virtually co-planar, facilitating the augmentation of the dominant 
C -H  CT interaction, [C1A-H1AB O l- ] (Figure 2.16), with an intramolecular
7i(arene) 7t(haloarene) interaction (centroid-centroid: 3.800(1) A; shortest
perpendicular distance: 3.403(3) A); the intercentroid distance here is not 
dissimilar to the shortest observed within the solid state structure of the hydrogen-
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dissimilar to the shortest observed within the solid state structure of the hydrogen- 
bonded adduct C6H5COOH:HOOCC6F5.[60] This interaction is extended into an 
infinite stack in the supramolecular structure of 4 (Figure 2.16) by intermolecular 
7t(arene) 7i(haloarene) interactions. Likewise, the C-H O-  contact in the solid
state structure of 8 is found to be accompanied by a n n interaction (centroid-
centroid: 3.522(1) A; shortest perpendicular distance: 3.476(1) A) (Figure 2.19) 
lying towards the short end of the range for such interactions.16^  The 
intramolecular hydrogen-bonding in compound 5 is completed by a strong 
constrained geometry 0 -H  0 “ hydrogen bond (D = 2.605(2) A, d = 1.63(4) A
and 0 — 133(3)°), [O1A-H10A 02A- ], between the phenoxide oxygen and the
ortao-hydroxy substituent of the catechol moiety (Figure 2.18); reminiscent of the 
intramolecular 0 -H  0 “ hydrogen-bonding exhibited within 1 (Figure 2.9) and
the analogous tetra-H-butylammonium phenoxide:phenol species.[44]
Compounds 4, 5, 8 and 9 (Scheme 2.5) are two component systems (imidazolium 
cation and phenoxide anion), whereas adducts 1, 2 and 3 (Scheme 2.4) are three 
component systems (imidazolium cation, phenoxide anion and phenol molecule). 
The supramolecular hydrogen-bonded array observed in the solid state structures 
of 4, 5, 8 and 9 is, as might be expected, simplified in comparison to that of 1, 2 
and 3 in terms of the number of interactions present. Once again, the C(4/5)-H 
hydrogen atoms play a significant role in the formation of the polymeric extended 
structure of these imidazolium phenoxides. For instance, the imidazolium cation 
of one molecule of 4 and the phenoxide anion of another molecule are associated 
by a C-H CT hydrogen bond (D = 3.031(2) A, d  = 2.154 A and 0  = 153.0°),
[C3-H3A 01“] (Figure 2.16), involving one of these C(4/5)-H backbone
hydrogen substituents, reminiscent of the intermolecular C-H 0 “ contact within
one of the polymeric chains in the solid state structure of the imidazolium 
phenoxide:phenol adduct 2 (Figure 2.11). This interaction is augmented by a 
molecule of tetrahydrofuran bridging the other imidazolium C(4/5)-H hydrogen 
atom and the meta-hydrogen substituent of a mesityl ring belonging to the 
neighbouring cation (Figure 2.16).
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The hydrogen-bonding network in compound 4 is completed by an intermolecular 
7i(arene) 7i(haloarene) interaction between the 7r-system of the phenoxide anion
of one molecule of 4 and the mesityl substituent of a proximal imidazolium cation 
(centroid-centroid: 3.708(1) A; shortest perpendicular distance: 3.435(2) A) 
participating in an intramolecular 7t(arene) 7r(haloarene) interaction (centroid-
centroid: 3.800(1) A; shortest perpendicular distance: 3.403(3) A) (Figure 2.16), 
which leads to the formation of an infinite stack (Figure 2.17). The aromatic ring 
separation within this intermolecular 7i-stack is similar to that recently reported in 
poiyfiuorinated tolans,[61] and smaller than the shortest observed in the hydrogen- 
bonded adduct C6H5COOH:HOOCC6F5 .[601
Figure 2.17: View down the infinite ^(arene) 7i(haloarene) stack in the
solid state structure of imidazolium phenoxide 4
The polymeric extended structure of compound 5 is formed by virtue of C -H  O”
contacts involving one of the C(4/5)-H backbone hydrogens of one molecule of 5 
and the deprotonated oxygen atom of the catecholate anion (D = 3.10(2) A, d  = 
2.288 A and 6  = 143.2°) of a neighbouring molecule, [C3-H3 0 2 “] (Figure
2.18); which is reminiscent of the intermolecular C -H  CT contacts observed
within one of the polymeric chains in the solid state structure of 2 (Figure 2.11), 
and in 4 (Figure 2.16). This is accompanied by a C -H  7r(arene) interaction (D  =
4.014 A, d =  3.07A and 0 =  177“), [C2A-H2A centroid(C21-C26)], between
the other C(4/5)-H hydrogen atom and one of the mesityl rings of the cation of the 
proximal molecule (Figure 2.18), that is significantly longer than those exhibited
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in the solid state structures of 1 (D = 3.577(2) A, <7= 2.81(3) A and 0 — 139(3)°) 






Figure 2.18: Polymeric extended solid state structure of compound 5
An intermolecular C -H  O interaction, [C2-H2 0 1 A ] (D  = 3.132(2) A, d  =
2.39(2) A and 0 =  134(1)°) (Figure 2.19), similar to those in the supramolecular 
arrays of imidazolium phenoxide:phenol adduct 2 (Figure 2.11) and imidazolium 
phenoxide salts 4 (Figure 2.16) and 5 (Figure 2.18), is observed in the extended 
solid state structure of the imidazolium phenoxide 8; in which one of the C(4/5)-H 
substituents of the cation in one molecule of 8 acts as a hydrogen bond donor and 
the phenoxide anion oxygen atom of a neighbouring molecule behaves as a 
hydrogen bond acceptor. Intermolecular n  n interactions (centroid-centroid:
3.428(4) A; shortest perpendicular distance: 3.405(6) A), between the 7i-system of 
the phenoxide anion in one molecule of 8 and one of the mesityl rings of the 
imidazolium cation in a neighbouring molecule (Figures 2.19 and 2.20), extend 
the intramolecular n  7t interactions (centroid-centroid: 3.522(1) A; shortest







Figure 2.19: Infinite rc-stacking and intermolecular C-H O interactions
in the solid state structure of compound 8
The intermolecular hydrogen-bonding interactions observed in the supramolecular 
structure of 9 (Figure 2.21) bear a remarkable similarity to those observed in the 
extended array o f imidazolium phenoxide:phenol adduct 1 (Figure 2.9). Indeed, 
the imidazolium cation of one molecule of 9 associates with the phenoxide anion 
of a neighbouring ion pair by a C -H  7t(arene) interaction (D  = 3.041(2) A,
Figure 2.20: View down the infinite 7i-stack in the 
solid state structure of compound 8
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3.185(2) A; d -  2.19 A, 2.31 A; and 0 =  151°, 156°), which involves one of the 
C(4/5)-H backbone hydrogens of the cation and the 7i-system of the anion, and a 
C -H  0 “ contact (D = 3.544(3) A, 3.658(3) A; d =  2.82 A, 2.98 A; and 6=  136°,
131°) between the other C(4/5)-H hydrogen and the oxygen atom of the same 
phenoxide anion. However, the intermolecular C -H  rc(arene) interaction, partly
responsible for the association of the crystallographically independent molecules 
in the solid state structure of 9, is significantly shorter than its contemporary in 1 
(D  = 3.577(2) A, d =  2.81(3) A and 6=  139(3)°). Additionally, the intermolecular 
C -H  0 “ contact in 9 is longer than the intermolecular C -H  O hydrogen bond
within imidazolium phenoxide:phenol adduct 1 (D = 3.264(2) A, d  = 2.53(3) A 
and 6=  135(3)°). This is attributed to the steric bulk of the tert-butyl substituents 
protecting the phenoxide anion oxygen atom from the neighbouring molecule of 
imidazolium salt 9 since the reverse would be anticipated on the basis of the 
relative basicities of the hydrogen-bond acceptors.
Figure 2.21: Association of crystallographically independent molecules 
in the solid state structure of imidazolium phenoxide 9
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2.4: Other Hydrogen-Bonded Compounds
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Scheme 2.6: iV-heterocyclic carbene precursors via the reaction of an imidazol-2-ylidene 
with acidic organic compounds and salt metathesis
(i) potassium tert-butoxide, tetrahydrofuran; (ii) benzoic acid, toluene;
(iii) dibenzoylmethane, toluene; (iv) binaphthol, tetrahydrofuran; (v) silver(I) triflate, 
dichloromethane; (vi) diphenylamine, toluene
In order to evaluate the versatility of simple acid-base reactions in the preparation 
of non-conventional imidazolium salts, we have also investigated the protonation 
of imidazol-2-ylidenes with acidic organic compounds other than phenols. In 
addition, a preliminary examination of the preparation of imidazolium precursors 
to chiral metal-iV-heterocyclic carbene complexes via this synthetic strategy has 
been performed; by means of the study of the reaction of racemic binaphthol with
l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene. The results of these studies 
demonstrate that the direct reaction of A^-heterocyclic carbenes with acidic organic
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compounds, as a means by which to vary the anion of the TV-heterocyclic carbene 
precursor salt, is a useful addition to the salt metathesis reaction. Furthermore, the 
co-crystallisation of imidazol-2-ylidenes with less acidic organic compounds also 
allows the preparation of neutral TV-heterocyclic carbene adducts by means of 
simple acid-base reactions.
The imidazolium salts l l , v 12 and 13 are accessible by means of the reaction of
i,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene with one equivalent of benzoic 
acid (pKa of 11.1 in DMSO),[71] dibenzoylmethane (pit* of 13.35 in DMSO)[71] 
and binaphthol, respectively (Scheme 2.6). Compound 14 may be prepared via a 
salt metathesis methodology; the reaction of l,3-bis-(2,4,6-trimethylphenyl)- 
imidazolium chloride with silver(I) triflate results in the precipitation of silver® 
chloride and the formation of the imidazolium triflate 14 (Scheme 2.6). However, 
the treatment of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene with one 
equivalent of diphenylamine (pKa of 24.95 in DMSO)[71] yields the imidazol-2- 
ylidene:amine adduct 15 (Scheme 2.6), rather than an imidazolium amide salt.
NMR spectroscopic analysis of compounds 11-15 reveals that 11-14 are indeed 
imidazolium salts and that product 15 is an imidazol-2-ylidene:diphenylamine 
adduct (Scheme 2.6). Integration of the 1 H-NMR data obtained from samples of 
these species in d^-DMSO solution confirms their composition is consistent with 
the reaction stoichiometry (Scheme 2.6). The 1 H-NMR spectra of 11-14 exhibit 
broad low-field resonances corresponding to the acidic imidazolium C(2)-H at 
9.78 ppm (11) (Figure 2.23), 10.14 ppm (12), 9.64 ppm (13) and 9.64 ppm (14) 
(Table 2.2). In addition, the C(4/5)-H backbone hydrogen atoms are observed at
v An analogous 1:1 reaction between l,3-bis-(2,6-diisopropylphenyl)-imidazol-2-ylidene^ and 
dibenzoylmethane in toluene solution yielded a number of single crystals of 11a (an imidazolium 
benzoate species akin to 11) of a suitable quality for analysis by x-ray diffraction. This product is 
thought to be the result of the crystallographic trapping, by the imidazol-2-ylidene, of benzoic acid 
produced in situ by the hydrolysis of dibenzoylmethane in the presence of adventitious water J70^  
'H-NMR spectroscopic analysis of the bulk material suggested that this was composed of both 11a 
and the anticipated product 12a (related to compound 12) in approximately equal molar ratios, 
subsequent separation of these two compounds could not be achieved.
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chemical shifts o f 8.29 ppm (11) (Figure 2.23), 8.25 ppm (12), 8.27 ppm (13) and
8.28 ppm (14) (Table 2.2), which is indicative of a delocalised imidazolium 
heterocyclic core. The imidazolium cation resonances remain reasonably static 
within the 'H-NMR spectra of compounds 11-14 (Table 2.2), and therefore, the 
'H-NMR spectrum of 11 (Figure 2.23) may be considered representative o f that of 
all these imidazolium salts. However, in line with an imidazol-2-ylidene species, 
the C(4/5)-H backbone hydrogen atoms in the 'H-NMR spectrum of a sample of 
compound 15 in d6-DMSO solution (Figure 2.24) are observed at a chemical shift 
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Figure 2.23: ‘H-NMR spectrum of 11 in d6-DMSO recorded at 300 MHz
The ^ C ^H j-N M R  spectra acquired from samples of 11-13 in d^-DMSO solution 
provide further evidence that the imidazol-2-ylidene moiety is protonated in the 
C(2)-position on reaction with benzoic acid, dibenzoylmethane and binaphthol 
(Scheme 2.6). Indeed, in all cases, the chemical shift o f the imidazolium C(2) 
carbon atom resonance compares well with that observed in the 13C {1H}-NMR 
spectrum of imidazolium triflate 14 (138.5 ppm); 138.4 ppm (11), 139.3 ppm (12)
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11 12 13 14 15
1 H-NMR 
(dtf-DMSO)
C(2 )-H 9.78 10.14 9.64 9.64
C(4/5 )-H 8.29 8.25 8.27 8.28 7.38
13c -n m r
(d^-DMSO)
C( 2) 138.4 139.3 138.3 138.5
£(4/5) 124.6 124.4 124.6 124.8 121.5
Table 2.2: Significant chemical shifts in the ‘H- and 13C{‘H}-NMR spectra of 11-15 
recorded in d6-DMSO at 298 K and quoted in units of ppm downfield of TMS
and, 138.3 ppm (13) (Table 2.2). Furthermore, the olefinic C(4/5) carbon atoms 
are observed at 124.6 ppm (11), 124.4 ppm (12) and 124.6 ppm (13); consistent 
with an imidazolium heterocyclic core as, for example, in imidazolium triflate 14 
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Figure 2.24: ‘H-NMR spectrum of 15 in d6-DMSO recorded at 400 MHz
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Since the degree of variation in the chemical shift o f the imidazolium cation 
resonances is only slight, the ^C ^H j-N M R  spectrum of 11 (Figure 2.25) can be 
considered to be representative of that of the imidazolium salts 11-14. ^ C l'H } - 
NMR spectroscopy also provides compelling evidence that 15 is indeed an 
imidazol-2-ylidene:amine adduct, since the C(4/5) carbon atoms are observed at a 
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Figure 2.25: 13C-NMR spectrum of 11 in d6-DMSO recorded at 100 MHz
Single crystals of 11 suitable for x-ray diffraction analysis could not be obtained; 
however, the stoichiometric reaction o f l,3-bis-(2,6-diisopropylphenyl)-imidazol- 
2-ylidene with one equivalent of dibenzoylmethane yielded crystals of a related 
imidazolium benzoate species, 11a, which were subsequently studied by means of 
x-ray diffractometry. The N (l)-C (2)-N (3) angle observed in 11a is 109.3(1)°, 
which is in good agreement with that reported for l,3-bis-(2,4,6-trimethylphenyl)- 
imidazolium chloride (108.7(4)°),[34] and, at 1.341(2) A, the average N -C(2) bond 
length is shorter than that of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene 
(1.368(4) A);[43] providing compelling evidence that this product is indeed an 
imidazolium salt and not a neutral imidazol-2-ylidene:benzoic acid adduct.
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The imidazolium cation and benzoate anion in 11a  are associated through a short 
C -H  CT hydrogen-bonding interaction (D  = 2.897 A, <7= 1.96 A and 6 — 176°),
[C l-H l O l- ] (Figure 2.26); shorter in fact than those within the neutral adducts
[((N0 2 )3CH)2 .dioxane] (.D = 2.94 A, d  = 2.01 A and 0 =  146° (C-H  corrected to 
1.07 A))[M| and [Ph3SiC=CH.OPPh3] (D = 3.02 A, rf=  2.01 A and 0 =  155°),1321 
the bisoxazoline-derived imidazolium triflate recently reported by Glorius et al. 
(D = 3.00 A, d =  2.01 A and 6=  165°),[531 and [(Ph3PCH3)+(2 , 6 -Ph2C6H3O r ]  (D =
3.02 A, d =  1.94 A and 6 =  167°).[541 A molecule of water trapped in the lattice
C14^ C 13 s C51 C52
Figure 2.26: Supramolecular solid state stmcture of imidazolium benzoate 11a
also bridges the cation and anion via O -H  7r(arene), [0 3 -H 5  centroid(Cl 1-
C16)] (D = 4.106 A, d =  3.29 A and 6 = 171°), and O -H  O, [0 3 -H 4  02] (D =
2.739 A, d =  1.72 A and 0=  157°), interactions (Figure 2.26); lending support to 
the proposed hydrolysis reaction.[70] This interaction is significantly longer than 
the charge assisted O -H  O-  contacts within 1 (D = 2.486(2) A, d  = 1.44(3) A
and 0 =  176(3)°), 2 (D = 2.487(2) A, d =  1.43(4) A and 6 =  163(3)°) and 3 (D =
71
2.506(2) A, d  = 1.34(3) A and 0 =  173(3)°). The supramolecular hydrogen- 
bonded network is formed by means of intermolecular C -H  O hydrogen bonds
between the imidazolium cation C(4/5)-H hydrogen atoms and the oxygen atoms 
of the benzoate anion, [C3A-H3A 02 ] (D = 3.012 A, d =  2.11 A and 6=  158°),
and the molecule of water in the lattice (D = 3.456 A, d  = 2.77 A and 6 =  130°), 
[C2A-H2A 03] (Figure 2.26).
Slow cooling to room temperature of a hot toluene solution of imidazolium triflate 
14 results in the formation of single crystals of this species that are suitable for 
study by x-ray diffraction. A room temperature x-ray diffraction experiment was 
subsequently performed, and the asymmetric unit found to contain an equal 
number of imidazolium cations and triflate anions; presumably associated through 
C -H  CT interactions (Figure 2.27). Unfortunately the data could not be refined
sufficiently for any meaningful discussion of the metrical parameters of the
Figure 2.27: Imidazolium cation and triflate anion as a contact ion pair in compound 14
cationic or anionic components, or the hydrogen-bonding present, to be entered 
into. However, it should be noted that, in addition to the NMR spectroscopic 
evidence, support for the classification o f this species as an imidazolium triflate 
salt, as opposed to an imidazol-2-ylidene:triflic acid adduct, is provided by the 
relative acidities of triflic acid and the imidazolium cation (pKa values in DMSO
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solution of 0.3,[711 and 24,1351 respectively). Moreover, Glorius et al. have recently 
structurally characterised an analogous species as an imidazolium triflate salt.[53]
In line with the available NMR spectroscopic evidence, x-ray diffraction analysis 
of a suitable single crystal of compound 15 reveals that this species is indeed a 
neutral imidazol-2-ylidene:amine adduct (Scheme 2.6). The asymmetric unit 
contains a single unprotonated imidazol-2-ylidene moiety and a molecule of 
diphenylamine; the metrical parameters of the five-membered heterocyclic ring 
compare well with those of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene. 






Figure 2.28: Intramolecular hydrogen-bonding in the solid state structure of 15
101.7(1)° and 1.372(2) A in 15, and 101.4(2)° and 1.368(4) A in l,3-bis-(2,4,6- 
trimethylphenyl)-imidazol-2-ylidene.[43] The relative acidities of the imidazolium 
cation and diphenylamine (pKa values in DMSO solution of 24,[35] and 24.95,[71] 
respectively) are consistent with the l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2- 
ylidene moiety remaining unprotonated on treatment with diphenylamine.
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The intramolecular hydrogen-bonding within 15 consists of an N -H  C contact,
[N3-H1 C l] (D = 3.196(2) A, d =  2.30(1) A and 0=  179(2)'), accompanied by a
representative C -H  7i(arene) interaction, [C32-H32 centroid(C21-C26)] (D  =
3.437(4) A, d  = 2.52(2) A and 0  = 156(2)“),I50' 641 and a long C -H  n(arene)
contact [C42-H42 centroid(Cl 1-C16)] (D 3.808(4) A, d =  2.90(2) A and
156(2)°) (Figure 2.28). O f these intramolecular interactions, the N -H  C contact
in which the imidazol-2-ylidene acts as a hydrogen bond acceptor would seem to 
be the dominant electrostatic interaction, since it is significantly shorter than the 
two out-rigging C -H  7t(arene) contacts. It should be noted that, a C -H  C
hydrogen bond, in which an imidazol-2-ylidene moiety acts as a hydrogen bond 
acceptor, has recently been structurally characterised by Arduengo et a /.[34]
The x-ray diffraction data collection was performed at 30 K (Oxford Cryosystems 
HELIX) to allow the best possible dataset to be acquired. The electron density 
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Figure 2.29: Electron density difference map within the plane of the 
heterocyclic core in imidazol-2-ylidene:diphenylamine adduct 15
74
difference map above (Figure 2.29); which clearly shows the hydrogen atom at 
0.90 A from N3 along the N3-C1 vector. The electron density at 1.00 A from C l 
(along the C1-N3 vector) corresponds to the imidazol-2-ylidene lone pair; the fact 
that this spot is not more intense is perhaps a reflection of the stabilisation of the 
singlet carbene centre by way of inductive effects and 7i-donation.[2] Disorder of 
the hydrogen atom over these two positions along the C1-N3 vector (consistent 
with the double minima on the potential energy surface of strong hydrogen bonds) 
does not seem to account for the two islands of electron density since there is not 
any significant disorder within the heterocyclic core itself; especially within the 
N 1-C 1-N 2 angle, and, N l-C l  and N2-C1 bond lengths. The electron density 
difference map (Figure 2.29) illustrates that the imidazol-2-ylidene lone pair is 
polarised by the Lewis acidic hydrogen atom, confirming that the N 3-H 1 C l
contact (Figure 2.28) is a genuine electrostatic interaction.
The C(4/5)-H backbone hydrogen substituents are involved in the intermolecular 
interactions responsible for the extended polymeric array observed in the solid 
state structure of imidazol-2-ylidene:amine adduct 15; as is the case in all o f the
C31A
VC32A
Figure 2.30: Intermolecular C-H 7i(arene) interactions in the extended
solid state structure of 15
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imidazolium species that have been structurally characterised in this study. 
Indeed, the individual molecules of 15 associate by means of C-H Tt(arene)
interactions, [C2-H2---centroid(C31A-C36A)] (D = 3.725(4) A, d  = 2.95(2) A 
and 6 = 140(2)°), involving an imidazol-2-ylidene C(4/5)-H backbone hydrogen 
atom of one molecule of 15 and the rr-system of a phenyl ring substituent of the 
diphenylamine moiety within a neighbouring molecule (Figure 2.30).
2.5: Conclusions
Reaction of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene with O-H acidic 
organic compounds results in the abstraction of the acidic proton by the basic 
imidazol-2-ylidene to yield the corresponding imidazolium salt. A number of 
imidazolium salts have been prepared in this manner; many of which have been 
structurally characterised by single crystal x-ray diffraction. The imidazolium 
cation and the organic anion are, in all cases, associated via exceptionally short 
C-H O-  hydrogen bonds; indeed, compounds 1, 3, 4, 5, 8, 9, and 11a feature the
shortest C-H O contacts reported to date. The *H- and 13C{1H}-NMR spectra of
all the imidazolium salts prepared in this study suggest that exchange of the acidic 
protons occurs in solution; these imidazolium salts may therefore be considered to 
be activated towards in situ deprotonation.
The neutral imidazol-2-ylidene: amine adduct 15 forms as a result of the treatment 
of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene with diphenylamine; in this 
case, the imidazol-2-ylidene is not basic enough to deprotonate the N-H acid, and 
participates in an unprecedented N-H C hydrogen-bonding interaction instead
(the A-heterocyclic carbene acting as the hydrogen bond acceptor group). The 
electron density difference map constructed from the data collection obtained 
from a low temperature x-ray diffraction experiment (30 K) shows that there is an 
electrostatic interaction between the amine hydrogen atom and the imidazol-2- 
ylidene lone pair. This compound represents an imidazol-2-ylidene stabilised by 
hydrogen-bonding.
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The results of this study demonstrate that the reaction of imidazol-2-ylidenes with 
sufficiently acidic organic compounds represents an effective route to hydrogen- 
bonded imidazolium salts, which possess non-conventional anionic components; 
neutral hydrogen-bonded imidazol-2-ylidene adducts may also be prepared if  the 
organic compound is less acidic than the conjugate acid of the imidazol-2-ylidene. 
This suggests that a wider range of organic precursors to metal-JV-heterocyclic 
carbenes may be accessible by means of this simple acid-base approach than by 
the more established salt metathesis methodology. Further study of the reaction 
of imidazol-2-ylidenes with O-H, N-H, and even C-H acidic organic compounds 
is required in order to determine the full scope of organic metal-A-heterocyclic 
carbene precursors accessible in this manner.
A discussion of the exploitation of the hydrogen-bonded imidazolium salts and 
neutral imidazol-2-ylidene:amine adduct reported here as convenient organic 
precursor compounds to copper(I)- and zinc(II)-A-heterocyclic carbene complexes 
bearing phenoxide and amide functionalities as ancillary ligands is subsequently 
reported in Chapter Three and Chapter Four, respectively.
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Copper-W-Heterocyclic Carbene Complexes 
3.1: Introduction
This chapter investigates the preparation of vV-heterocyclic carbene ligated copper 
species that may potentially be utilised as catalysts or group-transfer reagents, via 
the in situ deprotonation of organic precursors discussed in Chapter Two. This 
introduction highlights the use of copper species as catalysts and stoichiometric 
reagents in a variety of organic transformations, and provides a brief overview of 
previous work involving copper-A-heterocyclic carbene complexes.
3.1.1: Copper Compounds in Organic Transformations
Copper reagents are employed in a number of organic transformations, examples 
that will be briefly described here include: the oxidation of alkanes, alkenes and 
alcohols; oxidative coupling reactions; the Aldol reaction; Diels Alder reactions; 
the reduction of organic carbonyl compounds; 1,4-conjugate additions to enones; 
cyclopropanations; and polymerisation reactions.
Active catalysts for the homogeneous aerobic oxidation of alkanes, alkenes and 
alcohols may be prepared in situ from simple copper salts.[1] Indeed, Murahashi 
et al. have recently reported that copper(II) chloride combined with crown ethers 
represents an efficient catalytic system for the aerobic oxidation of alkanes with 
acetaldehyde (Scheme 3.1); oxidation of cyclohexane in this manner results in 
formation of cyclohexanone and cyclohexanol in yields based on acetaldehyde of 
61% and 10%, respectively.[2] The mechanism has not yet been elucidated, but it 
has been postulated that the reaction of acetaldehyde with molecular oxygen in the 
presence of the copper salt generates a peroxy acid,[3] which subsequently reacts 
with the copper centre to form the catalytically active species - believed to be a 
Cu(III)-0' or Cu(IV)=0  complex.1[4] It is thought that this highly reactive copper 
centre abstracts a hydrogen atom from the alkane substrate leading to formation of 
the related alcohol following electron-transfer; the alcohol can be further oxidised 
to the ketone under the reaction conditions (Scheme 3.1).[1]
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An earlier publication from Murahashi et al. reported the homogeneous aerobic 
oxidation of alkenes to epoxides (Scheme 3.1) under similar conditions; catalysed 
by a copper species generated in situ from copper(II) hydroxide.[5] The catalytic 
oxidation of alcohols to the respective aldehydes utilising in situ generated copper 
catalysts has also been recorded in the chemical literature;[6] indeed, most notably, 
Knochel et al. have developed a fluorous biphasic system in which the fluorous 
soluble catalytically active copper species is generated from [CuBr][S(CH3)2], a 
fluoroalkylated 2,2’-bipyridyl ligand, and the TEMPO radical (Scheme 3.1).[7]
o  OH
Scheme 3.1: Aerobic oxidation of alkanes, alkenes and alcohols under mild 
conditions catalysed by in situ generated copper species
(i) acetaldehyde, 0 2 (1 atm), CuCl2, 18-crown-6, dichloromethane, 70 °C;^
(ii) cyclohexanecarbaldehyde, 0 2 (1 atm), Cu(OH)2, dichloromethane, room 
temperature;^ (iii) 0 2, [CuBr][S(CH3)2], fluorous soluble 2,2’-bipyridyl
ligand, TEMPO, CgF^CeHsCl, 90 °C[7]
Dinuclear copper complexes have been shown to catalyse the oxidative coupling 
of phenols that are unsubstituted in the /?<zra-position but possess two bulky ortho- 
substituents; and, similarly, substituted phenols in which one of the ortho- 
positions is occupied by a bulky substituent while the other remains unsubstituted 
(Scheme 3.2). Indeed, Mukheijee has recently demonstrated that, in the presence 
of molecular oxygen, a dicopper(I) complex bearing the a ,a ’-bis-((jV-methyl-2- 
pyridyl)-ethylamino)-2-fluoro-meta-xylene ligand catalyses the conversion of 2,4- 
di-tert-butylphenol into the C-C coupled bisphenol product.1[8]
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An in situ generated copper(I) species has been implicated as the active catalyst in 
the copper catalysed Aldol reaction reported by Carreira (Scheme 3.2).[9,10] The 
catalytically active species was initially reported to be a copper(II) complex, ((£)- 
Tol-BINAP)CuF2 ; however, subsequent work has demonstrated that the copper(I) 
phosphine species ((*S)-Tol-BINAP)-CuF is, in fact, an equally effective catalyst 
for this reaction.110^ Furthermore, this latter report interestingly suggests that the 
copper(I) alkoxide complex ((S)-Tol-BINAP)-CuOtBu also represents a practical 




Scheme 3.2: Copper catalysed oxidative aryl-aryl couplings and Aldol reactions 
(i) 0 2, [(a,a’-bis-((A^methyl-2 -pyridyl)-ethylamino)-2 -fluoro-wc/<3- 
xylene)Cu2(NCCH3)2][C1 0 4]2, dichloromethane, room temperature;^
(ii) Cu(OTf)2, (iS)-Tol-BINAP, [Bu4N][Ph3SiF2], tetrahydrofuran, -78 °C[9]
Copper(II) coordination compounds possessing non-coordinating anions, such as 
CF3SO3-  and SbF6_, have been shown to constitute effective Lewis acid catalysts 
for Diels Alder reactions, Michael reactions, and Ene reactions. A comprehensive 
treatise of the use of cationic copper(II) species as Lewis acid catalysts in these 
and other such reactions is provided within a review article, examining copper® 
and copper(II) catalysed asymmetric organic transformations, recently published 
by Rovis and Evans.[11]
In addition to catalysing both oxidative couplings of phenols and Aldol reactions 
(Scheme 3.2), copper® complexes have been reported to catalyse the reduction of 
organic carbonyl compounds.[12,13] Indeed, Buchwald and Sadighi have recently 
demonstrated that conjugate reduction of a,P-unsaturated carbonyl compounds
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(Scheme 3.3) is catalysed by a copper(I) hydride generated in situ as a result of 
the reaction between the related copper(I) terf-butoxide reactive intermediate and 
polymethylhydrosiloxane.[12] Interestingly, Nolan et al. have subsequently used 
the same copper(I) hydride species as a catalyst for the reductive silylation of 
ketones; in which the catalytically active species is formed in situ as a result of the 
reaction of the highly reactive copper(I) tert-butoxide intermediate with silane.[13]
I f  Ci) » I f
P h ^ ^ ^  OEt Phx s ^ ^ O E t
Scheme 3.3: Conjugate reduction of a,p-unsaturated carbonyl compounds 
(i) (IPr)CuCl, NaOlBu, polymethylhydrosiloxane, lBuOH, toluene, room temperature
Organocuprates - organometallic copper reagents of the type R.2CuLi - are utilised 
as stoichiometric group-transfer reagents in organic synthesis.[11] Treatment of an 
enone substrate with the organocuprate reagent (CH2=CH)2CuLi[14] results in the
1,4-conjugate addition (Michael addition) of the organometallic to the substrate; 
the substituted cyclohexanone product (Scheme 3.4) is then isolated following an 
acidic aqueous work-up. There is evidence to suggest that the reactivity of these 
organocuprates is affected by the degree of aggregation in solution; indeed, the 
presence of phosphite ligands is reported to enhance organocuprate reactivity.1[14]
Scheme 3.4: Conjugate addition to enones 
(i) (P(OCH3)3)CuBr, CH2=CHLi, diethyl ether, -60 °C[14]
Copper complexes are also effective catalysts for the cyclopropanation of alkenes; 
a carbene-transfer reaction in which the carbene species is generated in situ from a 
diazo compound and trapped by the copper centre, and subsequently transferred to 
the alkene substrate. Analogous copper nitrenoids have been shown to transfer a 
nitrene in the aziridination of alkenes.[15,16] A comprehensive review of the use of 
copper species in these organic transformations is provided by the recent articles 
published by Rovis and Evans[11] and Kirmse.[17]
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Copper coordination compounds have also been reported to constitute effective 
catalysts for polymerisation reactions. Indeed, copper-phenoxide complexes have 
been proposed to be the catalytically active species in the polymerisation of 2 ,6 - 
dimethylphenol to provide poly-(2,6 -dimethyl-1,4-phenylene e ther ) .H ow ever ,  
the most promising application of copper complexes in homogeneous catalysis is, 
perhaps, in controlled radical polymerisations. Control of the molecular weight of 
polymers obtained from radical polymerisations effected by persistent radicals is 
notoriously difficult to achieve;[18] Atom Transfer Radical Polymerisation (ATRP) 
provides low polydispersity polymers with molecular weights dependent solely on 
the number of molecules of monomer present per molecule of catalyst.119'27] The 
propagating radicals are generated via a reversible activation step - abstraction of 
the halogen atom from a dormant polymer chain by the copper catalyst, homolytic 
fission of the carbon-halogen bond, and oxidation of the copper centre - and may 
potentially react with a vinyl monomer molecule before undergoing deactivation 
(Scheme 3.5). The equilibrium between the dormant chains and the propagating 
radicals lies well towards the halogen-terminated macromolecule. Consequently 
the steady-state concentration of the organic radicals is low, limiting irreversible 
termination steps such as the combination of propagating radicals.
Scheme 3.5: Reversible activation of halogen-terminated dormant macromolecular chains 




3.1.2: Copper-/V-Heterocyclic Carbene Complexes
Only a few copper-TV-heterocyclic carbene complexes have been reported to date. 
Arduengo et al. synthesised and isolated the very first of these; a bis-(imidazol-2- 
ylidene)-copper(I) triflate salt prepared via the reaction of two equivalents of the 
corresponding free TV-heterocyclic carbene with a single equivalent of copper® 
triflate.[28] Interestingly, this compound is isostructural with a biscarbene-proton 
complex subsequently reported by the same group.[29]
Raubenheimer et al. reported the preparation, isolation, and subsequent structural 
characterisation, of a (thiazol-2-ylidene)-copper(I) chloride adduct;[30,31] the first 
copper species with mono-(TV-heterocyclic carbene)-substitution to emerge in the 
chemical literature. The analogous (l,3-bis-(2,6-diisopropylphenyl)-imidazol-2- 
ylidene)-copper(I) chloride has recently been employed in the catalysis of the 
reduction of organic carbonyl compounds. Buchwald and Sadighi, and also more 
recently Nolan et al., have utilised this TV-heterocyclic carbene-copper(I) chloride 
adduct to generate the corresponding (imidazol-2-ylidene)-copper(I) tert-butoxide 
complex in situ (Scheme 3.6); which is, under the reaction conditions, converted 
to the catalytically active TV-heterocyclic carbene-copper(I) hydride species.[12,13]
OBu*
Scheme 3.6: Generation of TV-heterocyclic carbene-copper(I) 
fert-butoxide complex from related chloride species
(i) NaOTlu, toluene/tetrahydrofuran, room temperature^12,13^
Sadighi has also recently reported the reversible preparation of an TV-heterocyclic 
carbene-copper(I) methyl complex, (l,3-bis-(2,6-diisopropylphenyl)-imidazol-2- 
ylidene)-copper(I) methyl, from the related (imidazol-2-ylidene)-copper(I) acetate 
(Scheme 3.7).[32] The copper® acetate species may be prepared via the treatment 
of one equivalent of copper® acetate with a single equivalent of the imidazol-2 - 





Scheme 3.7: Reversible preparation of an imidazol-2-ylidene-copper(I) methyl 
complex from a related //-heterocyclic carbene-copper(I) acetate species
(i) Cu(OAc), toluene, room temperature; (ii) Al(CH3)2OEt, diethyl ether, -45 °C;
(iii) C02 (1 atm), benzene, room temperature
corresponding copper(I) methyl compound (Scheme 3.7).[32] In benzene solution 
under a 1 atm pressure of carbon dioxide, the copper(I) methyl complex, (1,3-bis- 
(2,6-diisopropylphenyl)-imidazol-2-ylidene)-copper(I) methyl, reverts back to the 
corresponding copper® acetate species via insertion of a molecule of C 0 2 into 
the Q 1-CH3 bond (Scheme 3.7).[32] This A-heterocyclic carbene-copper(I) methyl 
complex is currently being evaluated as a catalyst for carbonylation reactions.
Danopoulos et al. have recently structurally characterised monomeric, dimeric, 
and polymeric //-heterocyclic carbene-copper(I) bromide species; prepared via the 
in situ deprotonation of imidazolium salts bearing pyridyl-sidearms by reaction 
with copper® oxide.[33] The bidentate ligand in the monomeric example chelates 
a single metal centre; whereas in the dimeric and polymeric (imidazol-2 -ylidene)- 
copper® bromide complexes, which are in fact structural isomers of each other, 
the ligand bridges two different metal atoms.
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Arnold et al. have also structurally characterised a dimeric copper® complex of a 
donor fimctionalised TV-heterocyclic carbene ligand; in which two anionic alkoxy- 
biscarbene ligands bridge the two metal centres.[34] In addition, it should be noted 
that Meyer et al. have recently reported the preparation and isolation of cationic 
monomeric copper® species in which the central metal ions are coordinated by 
tripodal triscarbene ligands.[35]
3.2: Neutral Copper(I)-V¥-Heterocyclic Carbene Species
We decided to evaluate oligomeric 2,4,6-trimethylphenyl-copper® (CuMes/36,37] 
as a basic metal source compound for the preparation of copper(I)-TV-heterocyclic 
carbene complexes via the in situ deprotonation of organic precursors described in 
Chapter Two (Scheme 3.8).'1' Our initial investigations focused on the reaction of 
CuMes with one equivalent of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene 
(IMes) and l,3-bis-(2,4,6-trimethylphenyl)-imidazolium chloride ([IMesH][Cl]) 
(Scheme 3.8). The reaction of CuMes with a single equivalent of IMes results in 
the coordination of the imidazol-2 -ylidene ligand and complete deaggregation of 
the basic organometallic reagent to yield the monomeric TV-heterocyclic carbene- 
copper(I)-aryl species 16 (Scheme 3.8).* The stoichiometric reaction of CuMes 
with one equivalent of [IMesH][Cl] provides the TV-heterocyclic carbene-copper®
v
chloride complex 17 (Scheme 3.8); which suggests that CuMes is indeed basic 
enough to deprotonate the more acidic hydrogen-bonded precursors to metal-TV- 
heterocyclic carbenes reported in Chapter Two. The encouraging nature of these 
preliminary results led us to further evaluate the suitability of CuMes in the direct 
metallation of the organic precursors to metal-TV-heterocyclic carbene complexes 
discussed in Chapter Two (Scheme 3.8).
v Precedent for the exploitation of Group XI metal-aryl species as stoichiometric reagents for the
[38 39]
direct metallation of acidic organic compounds does exist in the scientific literature. ’
* Floriani et al. have previously observed a reduction in the aggregation state of the analogous
rifiisilver(I)- and gold(I)-aryl species as a result of bidentate phosphine ligand coordination.
T We have also isolated single crystals of TV-heterocyclic carbene-copper(I) chloride 17 suitable for 
study by x-ray diffraction from the reaction of IMes with copper(I) chloride; and, the reaction of 
lithiated 2,4,6-trimethylphenol with one equivalent of copper(I) chloride in the presence of IMes.
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The reaction of CuMes with one equivalent of l,3-bis-(2,4,6-trimethylphenyl)- 
imidazolium 2,4,6-trimethylphenoxide ([IMesH][OMes]), generated in situ via the 
treatment of the imidazolium phenoxide: phenol adduct 3 with IMes, results in the 
monomeric 7V-heterocyclic carbene-copper(I)-phenoxide species 18 (Scheme 3.8). 
Similarly, the reaction of CuMes with a single equivalent of the hydrogen-bonded 
metal-TV-heterocyclic carbene precursor species 3, 9 and 15, yields compounds 19, 





Scheme 3.8: Reaction of 2,4,6-trimethylphenyl-copper(I) with l,3-bis-(2,4,6- 
trimethylphenyl)-imidazol-2-ylidene, 1,3 -bis-(2,4,6-trimethylphenyl)-imidazolimn 
chloride and related organic precursors to metal-iV-heterocyclic carbene complexes
(i) l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene, toluene;
(ii) l,3-bis-(2,4,6-trimethylphenyl)-imidazolium chloride, toluene;
(iii) 1,3 -bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene and imidazolium 
phenoxide:phenol adduct 3, toluene; (iv) imidazolium phenoxide rphenol adduct 3, 
toluene; (v) imidazolium phenoxide salt 9, toluene;
(vi) imidazol-2-ylidene:amine adduct 15, toluene
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crystals of 18 and 19 were not forthcoming from their deep red toluene solutions; 
a fine suspension of what is presumed to be copper(O) metal formed on standing 
and crystal growth was not observed until the reaction mixture had been filtered 
through Celite for a second time, in order to remove the suspended material.
NMR spectroscopic analysis of samples o f compounds 16, 18, 19 and 20 in C6D6 
solution, and 17 in CDCI3 solution, establishes these species as imidazol-2-ylidene 
ligated metal complexes (Scheme 3.8). The olefinic C(4/5)-H backbone hydrogen 
atom resonance within the 1 H-NMR spectra of metal-imidazol-2-ylidene species 
is generally observed downfield of that of the free carbene, and upfield of that of 
the imidazolium cation within related organic precursor salts; since the degree of 
delocalisation of charge about the heterocyclic core of imidazol-2 -ylidene adducts 
is enhanced relative to that o f the free carbene, but reduced in comparison to that 
o f related imidazolium salts.[40_42] However, this is not reflected in the 1 H-NMR 
spectra of 16, 18, 19 (Figure 3.1) and 20 recorded in C6D6 solution; which exhibit 
resonances corresponding to the C(4/5)-H backbone hydrogens at chemical shifts






















[IMesH] [Cl] 7.62,a 8.07b
IMes 6.48°





2 1 7.28,b 7.40b
Table 3.1: Chemical shifts of the C(4/5)-H backbone hydrogen atoms in the 
1 H-NMR spectra of [IMesH][Cl], IMes, and compounds 16-21, in various 
solvents (a = CDC13, b = CD3OD and c = C6D6) recorded at 298 K 
and quoted in units of ppm downfield of TMS
upfield of that observed within the ^-N M R  spectrum of IMes.N The fact that the 
resonance corresponding to the C(4/5)-H backbone hydrogen atoms is located at a 
lower than anticipated chemical shift within the 1 H-NMR spectra of products 16, 
18, 19 (Figure 3.1) and 20 (Table 3.1) is presumably a result of the participation 
of these substituents in hydrogen-bonding or C-H 7r(arene) interactions such as
those described in Chapter Two. However, at 7.05 ppm, the chemical shift of the 
C(4/5)-H backbone hydrogen atom resonance within the 1 H-NMR spectrum of 17 
recorded in CDCI3 solution is upfield of that of [IMesH][Cl] recorded in the same 
solvent2 (Table 3.1); as would be expected from a consideration of the degree of 
delocalisation of charge around the heterocyclic core of metal-imidazol-2 -ylidene 
complexes relative to imidazolium salts.1[4(M2] 13C-NMR spectroscopic analysis of
K *H-NMR (300 MHz, C6D6): 5 2.17 (18H, s, IMes ortho-CH^ and IMes p a r a -Q h ) , 6.48 (2H, s, 
IMes C(4/5)£Q, 6.81 (4H, s, IMes meta-H).
* 'H-NMR (300 MHz, CDCI3): 5 2.15 (12H, s, IMes-H ortho-CHi), 2.33 (6 H, s, IMes-H para- 
C/fi), 7.01 (4H, s, IMes-H meta-H), 7.62 (2H, s, IMes-H C(4/5)H), 10.63 (1H, s, IMes-H C(2)H).
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Compound £(4/5) £ ( 2 )
[IMesH] [Cl] 124.6,a 126.5b 139.4,a 139.9b
IMes 1 2 0 .5C 219.2°
16 1 2 1 .l c




2 0 1 2 1 .6 °
2 1 124. l,b 124.2b 136.0,b 136.7b
Table 3.2: Chemical shifts of the C(2) and C(4/5) carbon atoms in the 
13C-NMR spectra of [IMesH][Cl], IMes, and compounds 16-21, in various 
solvents (a = CDC13, b = CD3OD and c = C6D6) recorded at 298 K 
and quoted in units of ppm downfield of TMS
solutions of compounds 16, 18, 19 and 20 in C6D6, and 17 in CDCI3, confirm that 
these species are indeed imidazol-2 -ylidene ligated metal complexes; since their 
respective ^C^HJ-NM R spectra exhibit resonances corresponding to the C(4/5) 
carbon atoms of the heterocyclic core that are upfield of those observed for the 
[IMesH][Cl] salt and downfield of those observed for free IMes (Table 3.2).
In the presence of water and molecular oxygen, compound 16 reacts with excess 
CD3OD generating one equivalent of 1,3,5-trimethylbenzene and [IMesH][OCD3] 
(Scheme 3.9), which were identified via 1 H-NMR spectroscopy (Figure 3.2). The 
signals at 2.14 ppm, 2.35 ppm, 7.07 ppm and 7.42 ppm (Figure 3.2) are confirmed 
as imidazolium cation resonances by comparison with the 1 H-NMR spectrum of 
[IMesH][Cl].§ The reaction of IMes with methanol also results in the protonation
§ ’H-NMR (300 MHz, CD3OD): 5 2.20 (12H, s, IMes-H ortho-CH 3), 2.40 (6 H, s, IMes-H para-  










2.02.54.5 4.0 3.5 3.06.5 6.0 5.5 5.07.5 7.0
ppm
Figure 3.2: ‘H-NMR spectrum recorded at 400 MHz during the course of the 
reaction of compound 16 with CD3OD showing the three components:
($) 1,3,5-trimethylbenzene; (#) l,3-bis-(2,4,6-trimethylphenyl)-imidazolium methoxide; 
(*) l,3-bis-(2,4,6-trimethylphenyl)-2-hydroxy-imidazolium methoxide
of the TV-heterocyclic carbene,¥ which is not surprising considering the basicity of 
imidazol-2-ylidenes[43,44] and in the light of the results reported in Chapter Two; 
however, it does suggest that protonation of the TV-heterocyclic carbene moiety on 
the reaction of 16 with an excess of CD3OD is not necessarily copper-catalysed. 
Over time, the [IMesH][OCD3] undergoes copper-catalysed aerobic oxidation[1"7] 
to the related hemi-acetal;0  evidenced by the growth of the 1 H-NMR resonances
¥ ‘H-NMR (400 MHz, CH3OH/CD3OD capillary): 5 2.14 (12H, s, IMes-H ortho-CH3), 2.35 (6H, s, 
IMes-Hpara-C H i), 7.14 (4H, s, IMes-H meta-H), 8.00 (2H, s, IMes-H C(4/5)//).
0 In CD3OD solution, due to the prevalence of exchange, the hemi-acetal is best thought of as the 
related 2-hydroxy-imidazolium species. Further oxidation of this salt to the related ketone is a 
possibility; indeed, the copper-catalysed aerobic oxidation of imidazolium cations to cyclic urea
C45]
derivatives has been reported by Begtrup. However, if the corresponding ketone compound is 
generated under these conditions, then it is readily converted into the related hemi-acetal species.
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Scheme 3.9: Reaction of TV-heterocyclic carbene-copper(I) species 16 and 21 
with excess CD3OD in the presence of water and molecular oxygen
observed at 1.73 ppm, 2.44 ppm, 6.99 ppm and 7.30 ppm; at the expense of those 
at chemical shifts of 2.14 ppm, 2.35 ppm, 7.07 ppm and 7.42 ppm (Figure 3.2).
As a result of the poor solubility of compound 21 (Scheme 3.8) in C6D6 solution 
we decided to characterise this product indirectly, by means of the identification 
o f the individual components present in solution following the dissolution of this 
species in CD3OD. 'H-NMR spectroscopic analysis reveals that 21 undergoes an 
analogous reaction with excess CD3OD, in the presence of water and molecular 
oxygen, to that o f the TV-heterocyclic carbene-copper(I)-aryl adduct 16; generating 
diphenylamine, the methoxide salt o f the TV-heterocyclic carbene ligand - which is, 
over time, oxidised to the corresponding 2-hydroxy-imidazolium species (Figure 
3.3) - and, presumably, copper(I)-methoxide (Scheme 3.9). The chemical shifts of
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Figure 3.3: 'H-NMR spectrum recorded at 400 MHz during the course of the 
reaction of compound 21 with CD3OD showing the three components:
($) diphenylamine; (#) l,3-bis-(2,4,6-trimethylphenyl)-imidazolium methoxide; (*) 1,3- 
bis-(2,4,6-trimethylphenyl)-2-hydroxy-imidazolium methoxide
the resonances assigned to the imidazolium salt and the 2 -hydroxy-imidazolium 
species are consistent with those observed on treatment of 16 with excess CD3OD 
(Figure 3.2). In addition, the multiplets at 6.76-6.86 ppm, 7.02-7.06 ppm and 
7.12-7.21 ppm (Figure 3.3) are reminiscent of the signals corresponding to the 
aromatic ring hydrogen substituents observed within the ’H-NMR spectrum of 
diphenylamine recorded in CH3OH solution. The olefinic C(4/5)-H backbone 
hydrogen atoms of the two imidazolium species are observed upfield of those of 
the l,3-bis-(2,4,6-trimethylphenyl)-imidazolium cation of the related chloride salt 
([IMesH][Cl]) - 7.28 ppm and 7.40 ppm versus 8.07 ppm in CD3OD solution
r ‘H-NMR (400 MHz, CH3OH/CD3OD capillary): 5 6.70-6.80 (2H, t, ^ = 7 . 2  Hz, HN?h2para- 
H), 6.94-7.04 (4H, d, Jm H) = 7.6 Hz, HNPh2 ortho-H), 7.07-7.18 (4H, t, 7(h -h ) = 7.6 Hz, HNPh2 
meta-H), 7.37 (1H, br s, HNPh2 NH).
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(Table 3.1) - which suggests that the cations generated as a result of the reaction 
of compound 21 with CD3OD possess more imidazol-2-ylidene character than that 
of the imidazolium chloride salt. In the case of the imidazolium methoxide salt, 
the lower than anticipated 1 H-NMR chemical shift of the C(4/5)-H hydrogen atom 
resonance probably results from the reversible in situ deprotonation of this species 
in CD3OD solution by copper(I)-methoxide; whereas in the case of its oxidation 
product, the 2 -hydroxy-imidazolium species, a cyclic urea resonance structure is 
likely to account for this observation. The absence of signals corresponding to the 
acidic protons suggests that exchange processes are in operation within this protic 
solvent medium (Figure 3.3). Nonetheless, it should be noted that, despite the 
prevalence of exchange, the acidic imidazolium C(2)-H proton is apparent in the 
1 H-NMR spectrum of the related [IMesH][Cl] salt recorded in CD3OD solution.3
13C{1H}-NMR spectra recorded during the course of the reaction of compound 21 
with excess CD3OD provide further corroboration that two distinct imidazolium 
species are present in solution; as two resonances, corresponding to the olefmic 
C(4/5) carbon atoms of electronically different heterocyclic cores, are observed at 
124.1 ppm and 124.2 ppm (Table 3.2). These spectra display resonances assigned 
as the C(2) carbon atoms of the two related imidazolium species at chemical shifts 
of 136.0 ppm and 136.7 ppm (Table 3.2), which perhaps better demonstrate the 
electronic differences of these two five-membered heterocycles.
The individual components present in solution following the dissolution of 21 in 
CD3OD are identified as diphenylamine, [IMesH][OCD3], and [IMesOH][OCD3], 
via the comparison of the !H- and 13C{1H}-NMR data available for this compound 
(Figure 3.3 and Tables 3.1 and 3.2) with that of Af-heterocyclic carbene-copper(I)- 
aryl adduct 16 (Figure 3.2), diphenylamine, IMes and [IMesH][Cl], all recorded in 
CD3OD solution (Tables 3.1 and 3.2). By extrapolation, product 21 is established 
as (l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene)-copper(I)-diphenylamide 
(Scheme 3.8).
3  ‘H-NMR (300 MHz, CD3 OD): 5 2.20 (12H, s, IMes-H ortho-CH3 ), 2.40 (6 H, s, IMes-H para- 
C£ 3 ), 7.20 (4H, s, IMes-H meta-H), 8.07 (2H, s, IMes-H C(4/5)H), 9.53 (1H, s, IMes-H C(2)H).
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Determination of the solid state molecular structure of compounds 16-21 by single 
crystal x-ray diffraction reveals that these products are indeed discrete monomeric 
imidazol-2-ylidene-copper(I) complexes bearing a solitary TV-heterocyclic carbene 
ligand (Scheme 3.8). In addition, as might be expected from steric considerations, 
all of these two-coordinate TV-heterocyclic carbene ligated copper® coordination 
compounds possess a near linear geometry about the central metal atom. Another 
feature common to the solid state structures of products 16-21 - briefly described 
in turn in the remainder of this section - is the participation of at least one of the 
olefmic C(4/5)-H backbone hydrogen atoms of the individual molecules in an 
intermolecular electrostatic interaction with their neighbours that results in their 
association into an extended supramolecular array.
The asymmetric unit of the discrete imidazol-2-ylidene-copper(I)-aryl species 16 
incorporates two crystallographically independent molecules (Figure 3.4). The 
C(2 )-Cu bond lengths C l-C ul and C 1 0 1 -Cu2  (Figure 3.4), at 1.900(2) A and 
1.891(2) A respectively, lie towards the short end of the range reported in the 
scientific literature;[13,30'35,46] the shortest published C(2)-Cu bond length within 
an imidazol-2 -ylidene-copper species being 1.850(5) A observed within the TV- 
heterocyclic carbene-copper(I)-acetate complex synthesised by Sadighi et al.P2] 
while the longest such contact is 1.993(2) A within a dimeric compound isolated 
and structurally characterised by Meyer et al., in which two tris-TV-heterocyclic 
carbene ligands bridge two copper® ions.[46] With the angles C l-Cul-C31 and 
C101-Cu2-C131 equalling 173.46(8)° and 176.76(8)°, respectively, the geometry 
about the copper centres of the two crystallographically independent molecules 
within the asymmetric unit approaches linearity (Figure 3.4). The separations 
between central metal atoms Cul and Cu2 and the zpso-carbons of their respective 
aryl ring substituents, Cul-C31 and Cu2-C131 (Figure 3.4), at 1.922(2) A and 
1.916(2) A respectively, are larger than the corresponding distance of 1.890(6) A 
in the monomeric univalent copper(I)-aryl complex prepared by Strahle et a/.[47] 
The two crystallographically independent molecules of compound 16 within the 
asymmetric unit are associated via an intermolecular C-H 7t(arene) interaction
(D = 3.603 A, d =  2.662 A and 6 = 170.82"), [C102-H102--centroid(C31-C36)]
(Figure 3.4).
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Figure 3.4: Graphical representation of the two crystallographically independent 
molecules within the asymmetric unit of jV-heterocyclic carbene-copper(I)-aryl species 16 
as determined by single crystal x-ray diffraction analysis
Imidazol-2-ylidene-copper(I) chloride complex 17 crystallises from dilute toluene 
solution in the space group F ddl yielding a batch of colourless blocks. Analysis 
of a suitable single crystal via x-ray diffraction reveals that, consistent with the 
C2-symmetry through the molecule - about the C l-C ll (Figure 3.5) vector - the 
asymmetric unit contains only half a molecule of 17. The geometry about the 
two-coordinate copper centre can be described as linear; the C l-C u l-C ll  angle 
(Figure 3.5) equals 180.000(1)° as is the case in l,3-bis-(2,4,6-trimethylphenyl)- 
imidazol-2-ylidene-silver(I) chloride, the analogous monomeric silver(I) complex 
recently prepared by Abemethy et a / . [481 The C l-C u l bond length (Figure 3.5), at 
1 .8 8 8 (6 ) A, lies towards the short end of the range of imidazol-2 -ylidene-copper 
C(2)-Cu connectivities reported within the literature; shorter indeed than within 
the l,3-bis-(2,6-diisopropylphenyl)-imidazol-2-ylidene-copper(I) chloride isolated 
by Nolan et al.,[l3] in which the C(2 )-C u bond distance measures 1.953 A, and 
comparable with the values of 1 .8 6 8 (6 ) A and 1 .8 8 8 (6 ) A in the Ar-heterocyclic 
carbene-copper(I) chloride complexes isolated by Raubenheimer et a l [30' 31] The 






Figure 3.5: Supramolecular structure of imidazol-2-ylidene-copper(I) chloride complex 
17 as determined by single crystal x-ray diffraction analysis (H2A, C2A, N1A and Cl 1A 
are symmetry generated equivalents of H2 , C2, N1 and Cl 1, respectively)
distance (2 .1 2 2 (2 ) A) in the thiazol-2 -ylidene-copper(I) chloride dimer isolated by 
Raubenheimer et a / . , [301 typical of that observed in the closely related monomeric 
A-heterocyclic carbene-copper(I) chloride (2.099(2) A),1311 and longer than that in 
the imidazol-2 -ylidene-copper(I) chloride reported by Nolan et al. (2.089 A).fl3] 
The C(4/5)-H hydrogens of each individual molecule of 17 participate in tandem 
intermolecular C -H  Cl interactions (D = 3.424 A, d =  2.887 A and 0=  118.05°)
with the Cl ligand of the neighbouring molecule (Figure 3.5), which results in a 
situation reminiscent of that observed by Abernethy et a /.[48] for the isostructural 
l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene-silver(I) chloride,^ whereby 
individual molecules of 17 are associated into straight polymeric chains.
® Compound 17 and l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene-silver(I) chloride possess, 
within experimental error, identical unit cell parameters. However, the C (2)-C u and C u-C l bonds 
in 17 are shorter than the C (2)-A g and A g-C l bonds in the analogous silver(I) complex; the weak 










Figure 3.6: Molecular structure of the imidazol-2-ylidene-copper(I)-phenoxide 
complex 18 in the solid state as determined by single crystal x-ray diffraction
Single crystal x-ray diffraction analysis of discrete imidazol-2 -ylidene-copper(I)- 
phenoxide 18 reveals that this species crystallises in the space group P2\lc. To 
the best o f our knowledge, this is the first structurally characterised //-heterocyclic 
carbene-copper(I)-phenoxide species. The asymmetric unit contains one complete 
molecule of this discrete monomeric A-heterocyclic carbene-copper(I) terminal 
phenoxide complex (Figure 3.6). At 1.853(2) A, the C l-C u l bond (Figure 3.6) 
does not differ significantly in length from the shortest C(2)-Cu distance reported 
in the literature; 1.850(5) A in the imidazol-2 -ylidene-copper(I)-acetate species 
prepared by Sadighi et a l [32] With a C l-C u l-0 1  angle (Figure 3.6) equal to 
174.33(8)°, the geometry about the two-coordinate copper centre Cul approaches 
linearity, as is the case in the two crystallographically independent molecules of 
the imidazol-2-ylidene-copper(I)-aryl species 16 (Figure 3.4). The C u l-0 1  bond 
length (Figure 3.6), measuring 1.812(2) A, is shorter than that observed within the 
neutral monomeric three-coordinate copper(I) terminal phenoxide species bearing 
ancillary isocyanide ligation structurally characterised by Floriani et al.,[49] which 
exhibits a Cu- 0  distance of 1.917(3) A, and comparable with the Cu- 0  lengths of 
1.806(6) A and 1.798(8) A observed in the two-coordinate bisphenoxide cuprate 
anion reported in the same publication . 1491 The C u l-0 1 -C 3 1  angle (Figure 3.6) 
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Figure 3.7: Intermolecular C-H 0  interactions between neighbouring molecules
of compound 18 within a section of a zig-zagging polymeric chain
coordinate copper(I) terminal phenoxide complex prepared by Floriani et a / . ; 1491 
the corresponding angles within the bisphenoxide cuprate anion equal 137.0(5)° 
and 135.2(5)°.[49] The individual molecules of A-heterocyclic carbene-copper(I) 
terminal phenoxide complex 18 are associated into zig-zagging polymeric chains 
through intermolecular C -H  O interactions (D  = 3.295 A, d =  2.486 A and 6 =
143.08°), [C2C-H2C 01 A] and [C2A-H2A 01D ] (Figure 3.7).
The asymmetric unit of compound 19 incorporates a molecule of l,3-bis-(2,4,6- 
trimethylphenyl)-imidazol-2-ylidene-copper(I)-2,4,6-trimethylphenoxide and one 
equivalent of 2,4,6-trimethylphenol. The phenol moiety and the oxygen atom of 
the terminally bound phenoxide ligand participate in an O -H  O hydrogen bond
(D = 2.658 A, d=1.662 A and 0=160.25°), [0 2 A -H 1 A O lA ] (Figure 3.10).
The molecular structure of imidazol-2-ylidene-copper(I)-phenoxide:phenol adduct 
19 is, in this respect, analogous to that of the corresponding hydrogen-bonded 
metal-A-heterocyclic carbene complex organic precursor compound imidazolium 
phenoxide:phenol 3 (Figure 3 .8 ). The stoichiometric reaction o f the imidazolium 
phenoxide:phenol adduct 3 with a single equivalent of the metal source compound
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Figure 3.8: Overlay of the molecular structures of compound 19 ( re d )  
and the imidazolium phenoxide:phenol adduct 3 (blue)
2,4,6-trimethylphenyl-copper(I) (Scheme 3.8) represents an isolobal replacement 
of the imidazolium C(2)-H proton of the hydrogen-bonded metal-A-heterocyclic 
carbene complex organic precursor species by a Cu(I) cation (Figure 3.8). The 
C lA -C u lA  bond length (Figure 3.10), C u lA -O lA  distance (Figure 3.10), and 
C lA -C u lA -O lA  and C u lA -O lA -C 31A  angles (Figure 3.10) observed within 
the imidazol-2-ylidene-copper(I)-phenoxide:phenol adduct 19 are not significantly 
different from the corresponding distances and angles within the related discrete 
imidazol-2-ylidene-copper(I)-phenoxide coordination compound 18 (Figure 3.9); 
1.859(2) A, 1.820(2) A, and 174.2(1)° and 132.6(1)° respectively, while those in
Figure 3.9: Overlay of the molecular structures of compound 19 (blue) 
and the imidazol-2-ylidene-copper(I) phenoxide complex 18 (red)
18 equal 1.853(2) A, 1.812(2) A, 174.33(8)° and 134.3(1)° respectively. This 
suggests that the electronic attributes of the copper centre are unaffected by the 
O -H  O hydrogen bond between the phenol moiety and the terminal phenoxide;
which is not unexpected since, in addition to two bonding pairs of electrons, the 
oxygen atom of the phenoxide ligand bears two lone pairs available to participate 
in hydrogen-bonding. However, the orientation of the terminal phenoxide ligand 
relative to the A-heterocyclic carbene functionality within adduct 19 differs from 
that observed in the discrete imidazol-2-ylidene-copper(I)-phenoxide complex 18, 
in that the aromatic ring of the phenoxide ligand and the heterocyclic core of the 
imidazol-2-ylidene are closer to coplanarity in compound 18 (Figure 3.9); this is 
presumably a crystal packing effect - in order to accommodate the phenol moiety 
in a pocket beneath one of the N -heterocyclic carbene aryl ring substituents 
(Figure 3.10) the phenoxide ligand in 19 adopts an alternate orientation, relative to 
the imidazol-2-ylidene, to that observed in compound 18 (Figure 3.9). Calderazzo 
et al. reported a similar O -H  O hydrogen-bonding interaction (D = 2.572(5) A,
d =  1.76(7) A and 6=  164.7°) between the terminal phenoxide ligands and phenol 
solvent molecules in the dimeric complex [Cu(NH2CHCFlNH2)(OPh)2 .HOPh]2 . [501 
Neighbouring molecules of the hydrogen-bonded imidazol-2-ylidene-copper(I)- 
phenoxide:phenol adduct 19 associate head-to-tail into a polymeric extended array 
through C -H  Ti(arene) interactions (D = 3.739 A, d  = 2.848 A and 6=  176.45°),
[C2A-H2A centroid(C41 A ’-C46A’)] (Figure 3.10).
Figure 3.10: Intramolecular O-H O and intermolecular C-H 7i(arene) interactions








Figure 3.11: Graphical representation of the molecular structure of the discrete 
imidazol-2-ylidene-copper(I) terminal phenoxide complex 20 in the solid state
Structural characterisation of imidazol-2-ylidene-copper(I)-phenoxide complex 2 0  
by single crystal x-ray diffraction reveals the asymmetric unit to be comprised of 
a single molecule of this discrete two-coordinate JV-heterocyclic carbene ligated 
copper(I) terminal phenoxide (Figure 3.11). The solid state molecular structure of 
the imidazol-2-ylidene-copper(I)-phenoxide complex 20 closely resembles that of 
the corresponding hydrogen-bonded organic precursor compound 9 (Figures 3.12 
and 3.13). The treatment of one equivalent of the imidazolium phenoxide 9 with a 
single equivalent of the metal source compound 2,4,6-trimethylphenyl-copper(I) 
to yield the imidazol-2-ylidene-copper(I) terminal phenoxide complex 20 can be 
viewed as an isolobal replacement of the acidic imidazolium C(2)-H proton within 
the hydrogen-bonded organic metal-JV-heterocy d ie  carbene complex precursor 
species by a Cu(I) ion. The C l-C u l bond distance (Figure 3.11), at 1.848(3) A, 
compares well with the corresponding imidazol-2-ylidene-copper C(2)-Cu bond 
lengths within compound 18, hydrogen-bonded adduct 19, and the A^-heterocyclic 
carbene-copper(I)-acetate species synthesised by Sadighi et al.}32] 1.853(2) A, 
1.859(2) A, and 1.850(5) A, respectively. The geometry about the two-coordinate 
central metal atom once again approaches linearity, indeed the C l-C u l-O l angle
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Figure 3.12: Molecular structure of ^ -heterocyclic carbene-copper(I) terminal phenoxide 
complex 2 0  (red) superimposed over that of one of the crystallographically independent 
molecules of the corresponding imidazolium phenoxide salt 9 (blue)
(Figure 3 .1 1 ) measures 174.0(1)°. At 1.780(2) A, th e C u l-O l bond (Figure 3 .1 1 ) 
is shorter than the corresponding length within the monomeric copper(I) terminal 
phenoxide bearing ancillary isocyanide ligation prepared by Floriani et a / . , 1491 with 
a Cu- 0  distance of 1.917(3) A, and comparable with those of 1.806(6) A and 
1.798(8) A within the two-coordinate bisphenoxide cuprate anion reported in the 
same publication; 1491 similar C u -0  bond lengths are also apparent within the solid 
state molecular structures of the discrete monomeric complex 18 (Figure 3.6) and 
the related hydrogen-bonded adduct 19 (Figure 3.10), 1.812(2) A and 1.820(2) A 
respectively. The significant increase in the C u l-0 1 -C 3 1  angle observed within
Figure 3.13: Overlay of the molecular structures of copper(I)-phenoxide species 20 (red) 
and one of the crystallographically independent contact ion pairs of the 





Figure 3.14: Intermolecular C-H O interactions in a section of zig-zagging polymeric
chain within the extended structure of the imidazol-2-ylidene-copper(I)-phenoxide 20
the discrete monomeric imidazol-2-ylidene ligated copper(I) terminal phenoxide 
complex 20 (Figure 3.11) relative to that of the analogous coordination compound 
18 (Figure 3.6), 161.0(2)° compared with 134.3(1)°, is attributed to the increased 
steric bulk of the or^/zo-substituents of the terminally bound phenoxide ligand. 
Individual molecules of imidazol-2-ylidene-copper(I) terminal phenoxide 20 form 
zig-zagging polymeric chains through intermolecular C -H  O interactions (D =
3.265 A, d=2.389 A and 0=  151.63°), [C2 A -H 2 A O lA ’] (Figure 3.14); similar
interactions (D = 3 .295  A ,d=2.486 A and 143.08°) are observed between
neighbouring molecules of the analogous imidazol-2-ylidene-copper(I)-phenoxide 
complex 18 (Figure 3.7).
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Figure 3.15: Molecular structure of the discrete TV-heterocyclic carbene-copper(I)-amide 
complex 2 1  (red) superimposed over that of the corresponding hydrogen-bonded 
organic precursor compound imidazol-2-ylidene:amine adduct 15 (blue)
Single crystal x-ray diffraction analysis of the imidazol-2-ylidene-copper(I)-amide 
complex 2 1  reveals that the asymmetric unit incorporates one complete molecule 
of this monomeric two-coordinate TV-heterocyclic carbene ligated copper species. 
To the best of our knowledge, this is the first structurally characterised example of 
an TV-heterocyclic carbene-copper(I)-amide species. The unit cell parameters of 
compound 21 are identical, within experimental error, to those of the isostructural 
neutral hydrogen-bonded imidazol-2-ylidene:amine adduct 15 (Figures 3.15 and 
3.16). The stoichiometric reaction of the organic precursor 15 with one equivalent 
of the basic metal source compound 2,4,6-trimethylphenyl-copper(I), to yield the 
isomorphous metal-amide complex 21 (Scheme 3.8), may formally be considered 
as isolobal displacement of the central hydrogen atom within the neutral organic 
imidazol-2-ylidene:amine adduct 15 by a Cu atom.
The imidazol-2 -ylidene-copper C(2 )-C u bond length (C l-C u l) , at 1.856(2) A, 
lies at the short end of the range reported in the literature.113,30'35, 461 The angle 
between the imidazol-2-ylidene-copper C(2)-Cu and copper-diphenylamide Cu-N  
bonds (C l-C u l-N 3 ) equals 175.76(9)°; the geometry about the central metal ion
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Figure 3.16: Overlay of the molecular structures of imidazol-2-ylidene-copper(I)-amide 
species 21 (red) and the hydrogen-bonded imidazol-2-ylidene:amine adduct 15 (blue)
can therefore be described as near linear (Figures 3.15 and 3.16). At 1.867(2) A, 
the copper-amide Cu-N  bond length (C ul-N 3) is shorter than that of 2.030(4) A 
observed in the copper(I)-amide complex [Cu(C0 )2(N(S0 2CF3)2)] structurally 
characterised by Strauss et a l [5l] The heavy atom separation (D) in the neutral 
organic hydrogen-bonded imidazol-2 -ylidene:amine adduct 15 equals 3.196(2) A, 
while the analogous imidazol-2-ylidene C(2) carbon-diphenylamide nitrogen atom 
distance within A-heterocyclic carbene-copper(I)-amide complex 2 1  is 3.720 A 
(Figures 3.15 and 3.16). The intramolecular C -H  7t(arene) interactions observed





H3A N2B C32BC3A D2B
C1B Cu1BM2A








Figure 3.17: C-H 7t(arene) interactions within the extended supramolecular
structure of the discrete imidazol-2-ylidene-copper(I)-amide 21
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(D = 3.875 A, <7 = 2.969 A and 0 = 160.00’) and [C32B-H32B--centroid(C21B-
C26B)] (£> = 4.102 k , d  = 3.190 A and 6= 161.60°) (Figure 3.17), compare more 
favourably with the longer of the two intramolecular C-H 7t(arene) interactions
observed within the hydrogen-bonded adduct 15, [C42-H42 centroid(Cl 1-C16)]
(D = 3.808(4) A, <7= 2.90(2) A and 0= 156(2)’) (Figure 2.28). The differences in 
the molecular structures of these two isomorphous species (Figures 3.15 and 3.16) 
are negated by the deformation of the intermolecular C-H 7c(arene) interactions;
the intermolecular C-H Tc(arene) interaction within the A-heterocyclic carbene-
copper(I)-amide complex 21, [C2B-H2B centroid(C31A-C36A)] (D = 3.578 A,
d  = 2.817 A and 0= 137.83°) (Figure 3.17), is therefore shorter than that observed 
in the extended solid state structure of the imidazol-2-ylidene:amine adduct 15, 
[C2-F12—centroid(C31A-C36A)] (D = 3.725(4) A, d  = 2.95(2) A and 0 =
140(2)’) (Figure 2.30).
3.3: Copper-/V-Heterocyclic Carbene Salt Complexes
In the light of reports from Arduengo et al. concerning the preparation, isolation 
and characterisation of a cationic bis-A-heterocyclic carbene-copper(I) species[28] 
and an isostructural biscarbene-proton com plex;^ we decided to investigate the 
formation of bisimidazol-2-ylidene-copper coordination compounds via the in situ 
deprotonation of the organic metal-A-heterocyclic carbene precursors described in 
Chapter Two (Schemes 3.10 and 3.11). The bis-A-heterocyclic carbene-copper(I) 
triflate salt [(IMes)2Cu][0 3 SCF3] prepared by Arduengo et al. was formed via the 
addition of two equivalents of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene 
(IMes) to the benzene solvate of copper(I) triflateJ28-1 Unfortunately, single crystal 
x-ray diffraction did not provide satisfactory structural data for this compound.[28] 
We decided to prepare the bisimidazol-2-ylidene-copper(I) hexafluorophosphate 
salt [(IMes)2Cu][PF6] in order to acquire single crystal x-ray diffraction data for 
this species.[29] Given the success of the substitution of A-heterocyclic carbenes 
for coordinated solvent in the preparation of [(IMes)2Cu][0 3 SCF3], we decided to 
synthesise bisimidazol-2-ylidene-copper(I) hexafluorophosphate compound 22 via 
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Scheme 3.10: Reaction of [Cu(NCCH3)4][PF6] with l,3-bis-(2,4,6-trimethylphenyl)- 
imidazol-2-ylidene and [Cu(02CCH3)2] with a related in situ generated 
imidazolium precursor to metal-AMieterocyclic carbene complexes 
(i) l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene, acetonitrile and toluene;
(ii) 1,3 -bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene and imidazolium 
phenoxide:phenol adduct 3, toluene
NMR spectroscopic analysis of compound 22 was performed in CD3CN solution. 
The 1H- and 13C{1H}-NMR data compares favourably with that of the analogous 
bisimidazol-2-ylidene-copper(I) triflate species [(IMes)2Cu][0 3 SCF3] recorded in 
ds-tetrahydrofuran.[28] The 1 H-NMR spectrum of compound 22 exhibits a singlet 
at a chemical shift of 7.15 ppm, consistent with the C(4/5)-H backbone hydrogen 
substituents of a metal-imidazol-2-ylidene species. Furthermore, the resonances 
observed at 178.4 ppm and 123.7 ppm within the 13C{1H}-NMR spectrum of this 
species are also consistent with the C(2) and C(4/5) carbon atoms, respectively, of 
a metal-imidazol-2-ylidene complex. 31P- and 19F-NMR spectroscopy confirm the 
presence of a hexafluorophosphate anion.
Recrystallisation of bisimidazol-2-ylidene-copper(I) hexafluorophosphate salt 22 
from toluene provided colourless blocks suitable for study by single crystal x-ray 
diffraction. The asymmetric unit of copper-A-heterocyclic carbene salt complex 
22 consists of a bisimidazol-2-ylidene-copper(I) cation and a hexafluorophosphate 
anion (Figure 3.18) disordered over two positions. Compound 22 is isostructural 





Figure 3.18: Representation of the molecular structure of the copper-TV-heterocyclic 
carbene salt complex 2 2  as determined by single crystal x-ray diffraction
imidazol-2-ylidene-copper C(2)-Cu bonds C l-C u l and C 4-C ul (Figure 3.18), at 
1.885(4) A and 1.882(3) A respectively, are at the short end of the range reported 
within the chemical literature . 11 3 ,3 0 ' 35' 461 The two TV-heterocyclic carbene ligands 
within the cation are in a staggered conformation; however, since the geometry 
about the central copper(I) ion is not linear - the C l-C u l-C 4  angle (Figure 3.18) 
equals 176.0(2)° - a single torsion angle does not adequately describe the twist of 
these ligands relative to one another. As observed in the analogous biscarbene- 
proton complex, studied crystallographically by Arduengo et al.}29] the extended 
solid state structure of compound 2 2  consists of ribbons of individual molecules 
associated by means of intermolecular C -H  F interactions.
In an effort to prepare a bisimidazol-2-ylidene-copper salt complex, we decided to 
investigate the reaction of two equivalents of the organic precursor salt 1,3-bis- 
(2,4,6-trimethylphenyl)-imidazolium 2,4,6-trimethylphenoxide ([IMesH][OMes]), 
generated in situ via the addition of IMes to the imidazolium phenoxide:phenol 






acetate (Scheme 3.10). As the reaction proceeds, a dramatic colour change from 
blue-green, through yellow, to deep red is observed. The product isolated from 
this reaction has been identified as the bisimidazol-2-ylidene-copper(I) species 23 
(Scheme 3.10). The addition of [IMesH][OMes] to copper(II) acetate, therefore, 
induces the reduction of the copper centre.[52] This would seem to suggest that the 
basic metal source compound copper(II) acetate deprotonates the in situ generated 
organic metal-A-heterocyclic carbene complex precursor [IMesH][OMes] to form 
an A-heterocyclic carbene-copper(II)-phenoxide intermediate; thus mirroring the 
preparation of complexes 18-21 via the in situ deprotonation of the corresponding 
organic precursors by 2,4,6-trimethylphenyl-copper(I) (Scheme 3.8).
Copper(II)-phenoxide C u-0  bonds have been shown to possess some copper(I)- 
phenoxyl radical character. [52'56] The greater the stability of the phenoxyl radical 
the larger the contribution of the copper(I)-phenoxyl radical resonance form to the 
ground-state structure of the copper(II)-phenoxide complex; indeed, the copper- 
phenoxide Cu-O bonds within copper(II) complexes bearing phenoxide ligands 
that possess ortho- and /rara-substituents exhibit significant copper(I)-phenoxyl 
radical character.[52,53,57] Furthermore, Tolman et al. have previously reported the 
decomposition of a three-coordinate p-diketiminate-copper(II) terminal phenoxide 
complex prepared from the corresponding p-diketiminate-copper(II)-chloride via 
a salt metathesis reaction involving a sodium phenoxide salt; the decomposition 
products were isolated, and their identity established that decomposition proceeds 
via the homolytic fission of the copper(II)-phenoxide C u-0  bond.[52]
NMR spectroscopic characterisation of the product obtained from the reaction of 
two equivalents of the in situ generated metal-TV-heterocyclic carbene precursor 
salt [IMesH][OMes] with a single equivalent of the basic metal source compound 
copper(II) acetate (Scheme 3.10) was performed in CD2CI2 solution. On the basis 
of the comparison of the ]H- and ^C^HJ-NM R data for this species with that of 
product 22; compound 23 is identified as a bisimidazol-2-ylidene-copper(I) salt 
complex incorporating the [(IMes)2Cu]+ cation. Further inspection of the !H- and 
^C^HJ-NM R spectra of bisimidazol-2-ylidene-copper(I) salt complex 23 reveals 


























Figure 3.19: Role of O-H O and C-H O interactions within the solid state
structure of the bisimidazol-2-ylidene-copper(I) salt complex 23
acid solvent is present. The broad low-field resonance observed at 16.08 ppm in 
the 1 H-NMR spectrum of compound 23 suggests that rapid acetic acid-to-acetate 
proton transfer occurs in solution; such exchange of acidic protons is indicative of 
the existence of a hydrogen-bonding interaction in solution (Chapter Two).[58]
Single crystal x-ray diffraction reveals that the asymmetric unit of compound 23 
incorporates a single [(IMes)2Cu]+ cation and acetate anion associated via tandem 
C -H  O hydrogen-bonding interactions: (D = 3.180 A, d  = 2.497 A and 6  =
128.78°), [C2A-H2A 02], and (D = 3.316 A, 2.397 A and 0  = 1 6 2 .8 4 ”),
[C2A-H2A O l- ] (Figure 3.19). The asymmetric unit also contains a molecule
of acetic acid, which participates in an O -H  O-  interaction with the CH3CO2-
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anion (D = 2.448 k , d  = 1.345 A and 0 = 175.35"), [03-H 1 O l- ] (Figure 3.19).
The metrical parameters of the [(IMes)2Cu]+ cation are reminiscent of those of the 
bisimidazol-2-ylidene-copper(I) salt complex 22: indeed, the imidazol-2-ylidene- 
copper C(2 )-Cu bonds C l-C ul and C4-Cul measure 1 .8 8 8 ( 1 ) A and 1.889(1) A, 
respectively; and the C l-C ul-C 4 angle equals 178.30(6)° - the geometry about 
the copper centre can therefore be described as near linear. Individual molecules 
of the bisimidazol-2-ylidene-copper(I) salt [(IMes)2Cu][CH3C0 2 ][HC>2CCH3] are 
associated into a polymeric extended solid state structure through intermolecular 
C-H O hydrogen-bonding interactions (.D = 3.291 A, d  = 2,368 A and 0 =
163.97°), [C6 B-H 6 B 04] (Figure 3.19).
Compound 23 is exceptionally stable to air and moisture; a crystalline sample of 
this bis-iV-heterocyclic carbene-copper(I) salt complex product stored in air for a 
period of eighteen months showed no sign of degradation or decomposition. In an 
attempt to prepare further examples of bis-7V-heterocyclic carbene-copper(I) salt 
complexes incorporating hydrogen-bonded anions, we decided to investigate the 
reaction of two equivalents of the hydrogen-bonded organic metal-TV-heterocyclic 
carbene precursor salts discussed in Chapter Two with one equivalent of the basic 
metal source compound 2,4,6-trimethylphenyl-copper(I) (Scheme 3.11).
The reaction of two equivalents of the metal-TV-heterocyclic carbene precursor salt 
[IMesH][OMes], generated in situ via the addition of one equivalent of IMes to 
the imidazolium phenoxide:phenol adduct 3, with a single equivalent of the basic 
metal source compound CuMes provides the bisimidazol-2-ylidene-copper(I) salt 
complex 24 (Scheme 3.11). It is envisaged that the initial stage in the formation 
of product 24 is the in situ deprotonation of one equivalent of the [IMesH][OMes] 
salt by 2,4,6-trimethylphenyl-copper(I) to yield the imidazol-2-ylidene-copper(I) 
terminal phenoxide species 18. The basic phenoxide ligand subsequently effects 
the deprotonation of the second equivalent of the in situ generated imidazolium 
phenoxide species. Similarly, the reaction of two equivalents of the imidazolium 
benzoate salt 11 with a single equivalent of CuMes to yield the analogous bis-7V- 
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Scheme 3.11: Reaction of 2,4,6-trimethylphenyl-copper(I) with imidazolium 
precursors to metal-iV-heterocyclic carbene complexes
(i) l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene and imidazolium 
phenoxideiphenol adduct 3, toluene; (ii) imidazolium benzoate salt 11, 
toluene; (iii) imidazolium catecholate 5, toluene
successive in situ deprotonation steps: initial in situ deprotonation of the organic 
metal-7V-heterocyclic carbene precursor salt 11 by basic metal source compound 
CuMes generates the related imidazol-2-ylidene-copper(I)-benzoate species; this 
intermediate then deprotonates the second equivalent of the hydrogen-bonded 
imidazolium benzoate salt 1 1 .
NMR spectroscopic analysis of compounds 24 and 25 was performed in CD3CN 
solution. On the basis of the comparison of the !H- and 13C{1H}-NMR data for 
these products with that of [(IMes)2Cu][PF6] salt complex 2 2  recorded in the same 
solvent; compounds 24 and 25 are identified as bisimidazol-2-ylidene-copper(I)
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salt complexes incorporating the [(IMes)2Cu]+ cation. The signals corresponding 
to the C(4/5)-H backbone hydrogen atom substituents are observed at chemical 
shifts of 7.13 ppm and 7.15 ppm in the !H-NMR spectra o f products 24 and 25, 
respectively. The ^ C ^H j-N M R  spectrum of compound 24 exhibits resonances 
corresponding to the C(2) and C(4/5) carbon atoms of the heterocyclic core of a 
metal-imidazol-2-ylidene species at 178.3 ppm and 123.8 ppm, respectively. The 
C(4/5) carbon atom resonance is observed within the 13C{1H}-NMR spectrum of 
25 at a chemical shift o f 123.7 ppm. The anionic components of these species are 
identified as the 2,4,6-trimethylphenoxide ion and the benzoate ion, respectively. 
Further inspection of the *H- and ^C ^H J-N M R  spectra of bisimidazol-2-ylidene- 
copper(I) salt complexes 24 and 25 reveals them to be 2,4,6-trimethylphenol and 
benzoic acid solvates, respectively.
Single crystal x-ray diffraction analysis reveals the asymmetric unit o f product 24 
to incorporate a single [(IMes)2Cu]+ cation and a phenoxide anion participating in 
an O -H  0 “ hydrogen-bonding interaction with a molecule of solvating phenol
(D  = 2.451 A, d =  1.427 A and <9= 179.10°), [01A -H 1A  02A “] (Figure 3.20).
The cations and anions associate through C -H  0 “ contacts (D = 3.220 A, d  =
| \ N 2 A
N1A
N4A /
C4Al  TC6 A
V N3A1





Figure 3.20: Role of O-H 0  and C-H 0  interactions within the solid state 
structure of the bisimidazol-2-ylidene-copper(I) salt complex 24
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2.303 A and 0  = 161.85"), [C2B-H2B 02A~] (Figure 3.20). The [ (M e s ^ C u f
cation metrical parameters are reminiscent of those of compounds 22 and 23: the 
imidazol-2-ylidene-copper C(2)-Cu bonds C l-C u l and C 4-C ul equal 1.878(4) A 
and 1.882(4) A, respectively; and the C l-C u l-C 4  angle measures 179.4(2)° - the 
geometry about the copper centre can therefore be described as near linear. The 
individual molecules of [(IMes)2Cu][MesO][HOMes] associate into a polymeric 
extended array through intermolecular C -H  O interactions (D = 3.116 A, d  =
2.223 A and 0=  154.26"), [C5A-H5A 01 A] (Figure 3.20).
Figure 3.21: Graphical representation of the cation within the 
bisimidazol-2-ylidene-copper(I) salt complex 25
The asymmetric unit of compound 25 incorporates a single [(IMes)2Cu]+ cation, a 
benzoate anion, and a molecule of benzoic acid. The metrical parameters of the 
cation are consistent with those of the cations in bisimidazol-2-ylidene-copper(I) 
salt complexes 22-24: the imidazol-2-ylidene-copper C(2)-Cu bonds C l-C u l and 
C 4-C ul (Figure 3.21) are 1.879(2) A and 1.881(2) A in length, respectively; and 
the C l-C u l-C 4  angle (Figure 3.21) measures 176.43(7)°. The benzoate anion 
participates in an O -H  O-  interaction with the molecule of benzoic acid (D  =
2.497 A , d =  1.317 A and 0=169.96°), [O l-H l 0 3 “] (Figure 3.22); which is
comparable with the O -H  O” contacts within the imidazolium phenoxide:phenol
adducts 1-3, the tetra-w-butyl ammonium phenoxide:phenol adduct synthesised by 





Figure 3.22: Graphical representation of the anion within the 
bisimidazol-2-ylidene-copper(I) salt complex 25
We have also prepared another example of a bisimidazol-2-ylidene-copper(I) salt 
complex via the stoichiometric reaction of a single equivalent of the imidazolium 
catecholate 5 with one equivalent of the basic metal source compound CuMes 
(Scheme 3.11). A fine suspension of copper(O) metal, most probably the result of 
a disproportionation reaction, developed within the green toluene solution during 
the course of the reaction. Following filtration to remove the suspended material, 
the product crystallised as a batch of green blocks and was subsequently identified 
as the bisimidazol-2-ylidene-copper(I) salt complex 26 rather than the anticipated 
neutral A-heterocyclic carbene-copper(I)-catecholate species.
NMR spectroscopic analysis of compound 26 was performed in CD3CN solution. 
On the basis of the comparison of the 1H- and ^ C ^H j-N M R  data for this species 
with that of compounds 22, 24 and 25 recorded in the same solvent; compound 26 
is identified as a bisimidazol-2-ylidene-copper(I) salt complex that incorporates 
the [(IMes)2Cu]+ cation. The ^ -N M R  resonance corresponding to the C(4/5)-H 
backbone hydrogen atom substituents is observed at a chemical shift of 7.15 ppm, 
which is indicative of an imidazol-2-ylidene-metal adduct. The ^C ^H J-N M R  
spectrum exhibits resonances consistent with the C(2) and C(4/5) carbon atoms of 
the planar heterocyclic core of an imidazol-2-ylidene-metal species at 178.4 ppm 
and 123.7 ppm, respectively. Integration of the ^ -N M R  spectrum of compound 
26 suggests that this bisimidazol-2-ylidene-copper(I) salt complex possesses two 
IMes ligands per catechol residue; this product composition is inconsistent with 
the stoichiometry of the reaction (Scheme 3.11).
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Figure 3.23: Graphical representation of the single cation within the asymmetric 
unit of the bisimidazol-2-ylidene-copper(I) salt complex 26
Single crystal x-ray diffraction analysis of a green block isolated from the reaction 
mixture reveals the asymmetric unit o f product 26 to contain only half a molecule 
of this copper salt complex. Compound 26 consists of two bisimidazol-2-ylidene- 
copper(I) cations, a planar copper(II) dianion bearing two doubly-deprotonated 
catechol residues, and two molecules of catechol. The metrical parameters of the 
cation within the asymmetric unit of compound 26 are consistent with those of 
bisimidazol-2-ylidene-copper(I) salt complexes 22-25: the imidazol-2-ylidene- 
copper C(2)-Cu bonds C l-C u l and C 4-C ul (Figure 3.23) measure 1.886(5) A 
and 1.880(4) A in length, respectively; and the C l-C u l-C 4  (Figure 3.23) angle is 
found to measure 175.1(2)° - the geometry about the copper centre of the cation 
can therefore be described as near linear. The greater stagger between the two 
IMes ligands within the bisimidazol-2-ylidene-copper(I) cations of compound 26 
(Figure 3.23) relative to that observed within the cation of bisimidazol-2-ylidene- 
copper(I) salt complex 25 (Figure 3.21) is thought to be a result of crystal packing 
effects.
Figure 3.24: 0 - H  0  hydrogen-bonding between the solvating catechol molecules
and the planar dianion within bisimidazol-2-ylidene-copper(I) salt complex 26 
(01 A, 02A, 03A, 04A, H30A and H40A are symmetry generated 
equivalents of 01, 02. 03, 04, H30 and H40, respectively)
Catechol solvent molecules bridge the two doubly-deprotonated catechol residues 
within the planar dianion via 0 -H  O-  hydrogen-bonded contacts: (D = 2.574 A,
d  = 1,448 A and 9  =160.92°), [O3-H30 O i l  and (D 2.566 A , d =  1.451 A
and 0 -  175.78°), [O4A-H40 0 2 “] (Figure 3.24). The chelating deprotonated
catechol residues coordinate the copper(II) centre through a fairly representative 
O -Cu bond equal to 1.897(3) A, [01-C u2] (Figure 3.24), and one longer O-Cu 
contact measuring 1.924(3) A, [02-C u2] (Figure 3.24). The chelating donor 
ligands are unequivocally indentified as doubly-deprotonated catechol residues, 
rather than singly-deprotonated semiquinones or quinones, on the basis o f their 
C101-O1 and C106-O2 bond lengths (Figure 3.24), which equal 1.365(6) A and 




The in situ deprotonation of the hydrogen-bonded organic metal-TV-heterocyclic 
carbene precursor species described in Chapter Two by the basic metal source 
compound 2,4,6-trimethylphenyl-copper(I) represents a convenient route to both 
neutral imidazol-2-ylidene-copper(I) complexes 18-21 and bisimidazol-2-ylidene- 
copper(I) salt complexes 24-26.
The solid state molecular structures of neutral TV-heterocyclic carbene-copper(I) 
species 19-21 are remarkably similar to those of their hydrogen-bonded organic 
metal-TV-heterocyclic carbene precursor compounds 3, 9 and 15. Compounds 16 
and 21 undergo a reaction with excess CD3OD to provide the methoxide salt of 
the TV-heterocyclic carbene ligand; in the presence of trace quantities of water and 
molecular oxygen, this species is converted to the related 2 -hydroxy-imidazolium 
methoxide salt via a copper-catalysed oxidation reaction. This demonstrates that 
protonation of TV-heterocyclic carbene ligands from metal centres is an important 
aspect of the reactivity of these species and may occur in the presence of acidic 
solvents or reagents.
The robust nature of the bisimidazol-2-ylidene-copper(I) cation in salts prepared 
via the reaction of two equivalents of an organic metal-TV-heterocyclic carbene 
complex precursor with the basic metal source compound 2,4,6-trimethylphenyl- 
copper(I) allows the O-H O-  hydrogen-bonding interaction between the anion
and the acidic solvent molecule present to be structurally characterised by single 
crystal x-ray diffraction. The stability of the bisimidazol-2-ylidene-copper(I) salt 
complexes coupled with the prevalence of rapid solvent-to-anion proton transfer 
suggests that these species may find utility in anionic polymerisation processes 
such as the ring-opening polymerisation of cyclic esters, which is discussed in 
some detail in Chapter Four. The decomposition observed in the preparation of 
23 and 26 demonstrates that some TV-heterocyclic carbene-metal complexes are 
inaccessible via the in situ deprotonation of organic metal-TV-heterocyclic carbene 
precursor compounds; since some hydrogen-bonded organic precursor species are 
incompatible with some basic metal source compounds.
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This chapter reports on the preparation, characterisation and reactivity of zinc(II) 
species obtained via the in situ deprotonation of related hydrogen-bonded organic 
precursors as a result of reaction with dimethylzinc. An JV-heterocyclic carbene- 
zinc(II) bisphenoxide complex synthesised employing this methodology has been 
evaluated as a catalyst and pre-catalyst in the ring-opening polymerisation of the 
cyclic ester £-caprolactone. This introduction briefly reviews the exploitation of 
zinc compounds in the catalysis of polymerisation and copolymerisation reactions, 
and summarises previous research into zinc-TV-heterocyclic carbene complexes.
4.1.1: Zinc Compounds in Polymerisation Catalysis
Zinc compounds are employed in the catalysis of a number of polymerisation and 
copolymerisation reactions, examples that will be briefly discussed here include: 
the ring-opening polymerisation of epoxides; the copolymerisation of epoxides 
with carbon dioxide; and the ring-opening polymerisation of cyclic esters such as 
dilactide and e-caprolactone.
Bruce et al. reported that zinc alkoxide species generated via addition of alcohols 
to organozinc reagents initiate the ring-opening homopolymerisation of epoxides 
to provide polyethers.[1,2] The driving-force for polymerisation is release of the 
ring-strain within the three-membered cyclic monomer.[3,4] It has been proposed 
that polymerisation proceeds via a coordination-insertion mechanism: in which 
coordination of a molecule of Lewis basic epoxide monomer to the Lewis acidic 
zinc alkoxide species is followed by transfer of an anionic alkoxide functionality 
to, and concomitant ring-opening of, the coordinated monomer (Scheme 4.1).[5] 
Subsequent ring-opening events involve transfer of a propagating chain from the 
active Lewis acidic zinc centre to successive molecules of coordinated epoxide 
(Scheme 4.1).[5J Supporting evidence for this postulated coordination-insertion 
mechanism is provided via the NMR spectroscopic analysis of the homopolymer,
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Scheme 4.1: Ring-opening polymerisation of epoxides catalysed by zinc alkoxide species
which reveals that the alkoxy group at the chain terminus originates from the zinc 
alkoxide initiator (Scheme 4.1).[1, 2] Polymerisation continues until all available 
monomer has been consumed or the catalyst is deactivated. It has been suggested 
more recently that the monomer is activated on coordination to one Lewis acidic 
metal centre and ring-opened as a result of transfer of an alkoxide functionality 
from a neighbouring metal centre.[6'8] This back-side attack hypothesis is gaining 
acceptance as it seems to account for the observed stereochemistry in polymers 
prepared via the ring-opening homopolymerisation of propylene oxide.[9]
Zinc alkoxide species prepared via the methodology employed by Bruce et a lP ’2] 
inevitably incorporate trace quantities of the corresponding alcohol, which may be 
removed by heating the compound under dynamic vacuum.[1] The presence of 
alcohol is reported to adversely affect the activity of the zinc alkoxide initiator and 
also reduce the yield and molecular weight of the polyether produced.11’2] These 
observations suggest that the alcohol coordinates to the Lewis acidic zinc alkoxide 
initiator, which would interfere with the coordination of the Lewis basic epoxide 
monomer and therefore impede propagation.[2] Bruce et al. have proposed that the 
coordination of the alcohol to the catalytically active zinc centre may result in the 
termination of the growing chain and regeneration of the zinc alkoxide initiator
(Scheme 4.1).[2^ It is interesting to note that, when all the available monomer has 
been consumed, the polyether homopolymer may be recovered by the addition of 
alcohol to the system.[2] Under a carbon dioxide atmosphere; zinc alkoxides also 
effect the copolymerisation of epoxides and carbon dioxideJ10^
Darensbourg et al. have recently embarked on the development of analogous zinc 
phenoxide species as carbon dioxide/epoxide copolymerisation catalysts. [11-151 In 
such systems, the carbon dioxide/epoxide copolymerisation is accompanied by the 
homopolymerisation of the epoxide.1-13,15'17] The ratio of carbonate:ether linkages 
within the polymer backbone is found to be greatly increased in copolymerisation 
reactions initiated by phosphine:zinc bisphenoxide adducts.[12,15’17]
Back-coordination of growing polymer chains to metal initiator species is a major 
problem in zinc catalysed polyoxygenate formations via both homopolymerisation 
and copolymerisation reactions.[2,18,19] Bruce et al. reported fast propagation in 
the early stages of diphenylzinc initiated ring-opening polymerisation of epoxides 
and attributed the subsequent decline in catalytic activity to problematic epoxide 
monomer coordination as a result of back-coordination of the growing polyether 
chain.[2] Darensbourg et a l have implicated the back-coordination of the growing 
polycarbonate chain, in the zinc catalysed copolymerisation of carbon dioxide and 
epoxides, in the formation of cyclic carbonate side products.[20]
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Scheme 4.2: Back-coordination of polylactide chain to metal initiator 
and subsequent intrachain transesterification
Due to properties such as biocompatibility, biodegradability and permeability to 
drugs; polyoxygenates such as polylactide and poly(caprolactone) are well suited 
to biomedical applications; including use as biodegradable sutures, artificial skins
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and drug-delivery implants.[21,22] Zinc species have been identified as appropriate 
catalysts for biomedical polymer production.[22] A recent report published in the 
literature demonstrates that the back-coordination of the growing polymer chain 
also represents a problem in polyester formation: this brings the chain ends into 
close proximity and leads to intrachain transesterification (Scheme 4.2).[23]
4.1.2: Zinc-A^Heterocydic Carbene Complexes
Only a few examples of zinc-A-heterocyclic carbene species have been reported in 
the literature to date.[24'26] The first zinc-A-heterocyclic carbene species reported 
within the literature were the imidazol-2 -ylidene:dialkylzinc adducts prepared and 
isolated by Arduengo et alP4] The very first zinc-A-heterocyclic carbene species 
crystallographically characterised by x-ray diffraction was the adduct prepared via 
addition of l,3-bis-(l-adamantyl)-imidazol-2-ylidene, which was the first stable 
crystalline carbene to be isolated and studied,[27] to diethylzincJ24]
w
Figure 4.1: An imidazol-2-ylidene:zincocene adduct
Arduengo et al. have crystallographically characterised another example of an N- 
heterocyclic-carbene:diorganozinc adduct; prepared by means of the complexation 
of l,3,4,5-tetramethyl-imidazol-2-ylidene to zincocene (Figure 4.1) . [251 The zinc- 
A-heterocyclic carbene bond within this species is short for Zn-C connectivities; 
illustrating that imidazol-2 -ylidenes form strong bonds to zinc centres.[25]
The preparation and single crystal x-ray structural characterisation of a number of 
zinc-7V-heterocyclic carbene complexes has recently been reported by Buchmeiser 
et alP6] These species were subsequently investigated as polymerisation catalysts 
in reactions including the ring-opening homopolymerisation of propylene oxide,
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cyclohexene oxide and e-caprolactone, and, the copolymerisation of cyclohexene 
oxide and carbon dioxide (Scheme 4.3).[26] These zinc-7V-heterocyclic carbene 
species were discovered to be inactive in the ring-opening homopolymerisation of 
propylene oxide, extremely inefficient for the production of poly(caprolactone), 
and of limited use in the ring-opening homopolymerisation of cyclohexene oxide. 
A number of the zinc-TV-heterocyclic carbenes examined were demonstrated to be 
effective catalysts in the cyclohexene oxide and carbon dioxide copolymerisation 
reaction (Scheme 4.3). Perhaps more importantly, Buchmeiser et al. were abie to 
demonstrate that zinc-TV-heterocyclic carbene coordination compounds suppress 
polyether formation in the copolymerisation of carbon dioxide and epoxides,[26] 
just like the analogous phosphine species pioneered by Darensbourg et a lP 2,15' 17]
(i) [(IM es)Zn(thf)(OTf)2] cat
(ii) acidic methanol
Scheme 4.3: Zinc-A-heterocyclic carbene complex catalysed 
ring-opening homopolymerisation of cyclohexene oxide
One further example of a zinc-TV-heterocyclic carbene coordination compound has 
recently emerged in the literature.[28] This complex was examined as a catalyst for 
polylactide production via the ring-opening polymerisation of D,L-lactide and was 
determined to exhibit notable polymerisation activity. The decoordination of the 
TV-heterocyclic carbene ligand from the metal centre, allowing polymerisation to 
proceed in an organocatalytic fashion as recently described by Hedrick et al.,[29‘32] 
is considered as a explanation for the high polymerisation activity displayed by 
this zinc-TV-heterocyclic carbene complex, but ultimately rejected on the grounds 
of the fact that the polymer produced employing the zinc-A-heterocyclic carbene 
catalyst is heterotactic in nature - a test reaction revealed that isotactic enriched 
polymer is produced from D,L-lactide when the polymerisation is effected by the 
free TV-heterocyclic carbene in the presence of benzyl alcohol initiator.
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4.2: Phenoxide and Amide Supported Zinc Species
We decided to conduct an investigation into the reaction of dimethylzinc with a 
series of related imidazolium phenoxide species prepared via the reaction of 1,3- 
bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene (IMes) with one, two, and three 
equivalents of 2,4,6-trimethylphenol (MesOH). The reaction of the organozinc 
reagent with a single equivalent of l,3-bis-(2,4,6-trimethylphenyl)-imidazolium
2,4,6-trimethylphenoxide ([IMesH][OMes]), generated in situ via the treatment of 
the imidazolium phenoxide:phenol adduct 3 with IMes, provides the monomeric
Scheme 4.4: Reaction of dimethylzinc with a series of imidazolium phenoxide species 
(i) l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene and imidazolium phenoxide:phenol 
adduct 3, toluene; (ii) imidazolium phenoxide:phenol adduct 3, toluene; (iii) imidazolium 
phenoxide:phenol adduct 3 and 2,4,6-trimethylphenol, toluene
r \





vV-heterocyclic carbene-zinc(II)-phenoxide metal-alkyl species 27 (Scheme 4.4). 
The analogous reaction between the basic organometallic metal source compound 
and the imidazolium phenoxide:phenol adduct 3 yields the JV-heterocyclic carbene 
ligated zinc(II)-bisphenoxide compound 28 (Scheme 4.4). Stoichiometric reaction 
of the organozinc reagent with a single equivalent of [IMesH][OMes].2HOMes, 
generated in situ via the treatment of the imidazolium phenoxide:phenol adduct 3 
with MesOH, results in the phenoxide-bridged dimer 29 (Scheme 4.4).m
NMR spectroscopic characterisation of 27 in C6D6 solution reveals this compound 
to be an imidazol-2-ylidene ligated methylzinc-phenoxide complex (Scheme 4.4). 
The !H-NMR resonance corresponding to the C(4/5)-H backbone hydrogen atoms 
of the imidazol-2 -ylidene ligand is observed further upfield than anticipated, at a 
chemical shift of 5.99 ppm. The 13C{!H}-NMR spectrum exhibits resonances 
consistent with the C(2) and C(4/5) carbon atoms of the heterocyclic core of an 
imidazol-2-ylidene-metal adduct at chemical shifts of 181.7 ppm and 122.0 ppm, 
respectively. The organometallic methyl substituent is observed within the !H- 
and ^C^HJ-NM R spectra at -0.70 ppm and -13.5 ppm, respectively.
NMR spectroscopic analysis of compound 28 was performed in CD2CI2 solution. 
A singlet consistent with the C(4/5)-H backbone hydrogen atom substituents of an 
imidazol-2-ylidene-metal species is observed within the *H-NMR spectrum at a 
chemical shift of 7.22 ppm. Furthermore, the 13C{!H}-NMR spectrum exhibits 
resonances corresponding to the C(2) and C(4/5) carbons of an imidazol-2-ylidene 
ligand at 172.5 ppm and 124.1 ppm, respectively. The absence of acidic proton 
signals within the JH-NMR spectrum suggests that the organometallic reagent has 
doubly-deprotonated the imidazolium phenoxide:phenol adduct 3 (Scheme 4.4).
NMR spectroscopic characterisation of compound 29 was undertaken in CD3OD 
solution. This product is identified as an imidazolium salt species on the basis of 
the chemical shifts of its C(2) and C(4/5) carbon atom ^C^HJ-NM R resonances;
We have isolated crystals of the imidazolium trisphenoxide-zincate(II) phenoxide-bridged dimer 
29 from the reaction of JV-heterocyclic carbene-zinc(II)-bisphenoxide 28 with propylene carbonate.
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which are observed at 139.3 ppm and 130.2 ppm respectively. Most notably, the 
!H-NMR spectrum of this product lacks a resonance corresponding to C(4/5)-H 
backbone hydrogen atoms of the imidazolium cation. Denk et al. have observed 
H/D exchange of the C(4/5)-H backbone hydrogen atoms of imidazol-2-ylidenes 
in d<5-DMSO solution . 1331 The !H-NMR spectrum of product 29 was subsequently 
recorded in CH3OH solution in order to eliminate H/D exchange; the C(4/5)-H 










Figure 4.2: Molecular structure of the imidazol-2-ylidene-zinc(II)-phenoxide methyl 
species 27 as determined by single crystal x-ray diffraction
Determination of the solid state molecular structure of compound 27 by single 
crystal x-ray diffraction analysis reveals this product to be an imidazol-2 -ylidene- 
zinc(II)-phenoxide methyl species (Figure 4.2). The asymmetric unit incorporates 
a single molecule of this discrete monomeric coordination compound (Figure 4.2). 
The three-coordinate pseudo trigonal-planar zinc centre bears one IMes ligand, a
K ‘H-NM R (400 MHz, CH 3 OH/CD 3 OD capillary): 5 2.10 (18H, s, IMes-H ortho- and para-CH3 ), 
2.13 (18H, s, OMes ortho-CH3 ), 2.34 (9H, s, O M espara-CH3 ), 6.62 (4H, s, IMes-H meta-H), 7.13 
(6 H, s, MesOH meta-H), 7.97 (2H, s, IMes-H C(4/5)H).
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terminally bound phenoxide functionality and a methyl substituent (Figure 4.2). 
The imidazol-2-ylidene-zinc C(2)-Zn bond C l-Z n l (Figure 4.2), at 2.035(2) A, is 
shorter than that of 2.096(3) A within the imidazol-2-ylidene:diethylzinc adduct 
crystallographically characterised by Arduengo et al.}24] and comparable with that 
observed in the imidazol-2-ylidene:bis(pentamethylcyclopentadienyl)-zinc adduct 
prepared in the same laboratory (2.022(3) A).[25] The zinc-terminal phenoxide 
Z n -0  bond Z n l-O l (Figure 4.2) measures 1.910(1) A; and the zinc-methyl Zn-C 








Figure 4.3: Molecular structure of the tetrahydrofiiran solvate of imidazol-2-ylidene- 
zinc(II)-bisphenoxide species 28 as determined by single crystal x-ray diffraction
Crystals of compound 28 suitable for single crystal x-ray diffraction studies could 
not be obtained. However, the tetrahydrofuran solvate of this species crystallised 
from toluene solution to provide crystals suitable for x-ray diffraction analysis. 
The asymmetric unit is found to contain a single A-heterocyclic carbene-zinc(II) 
bisphenoxide tetrahydrofuran complex molecule and, additionally, two molecules 
of uncoordinated tetrahydrofuran solvent. The pseudo tetrahedral zinc atom bears 
one imidazol-2-ylidene ligand, two terminally bound phenoxides and a molecule
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Figure 4.4: C-H 7i(arene) interactions in the supramolecular structure of the tetrahydro­
furan solvate of imidazol-2-ylidene-zinc(II)-bisphenoxide species 28
of coordinated tetrahydrofuran disordered over two positions. At 2.044(3) A, the 
imidazol-2-ylidene-zinc C(2)-Zn bond C l-Z n l (Figure 4.3) is shorter than that in 
l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene:diethylzinc (2.096(3) A),[24] 
and reminiscent of that within l,3,4,5-tetramethyl-imidazol-2-ylidene:bis(penta- 
methylcyclopentadienyl)-zinc (2.022(3) A);[25J which were crystallographically 
characterised by Arduengo et al. The zinc-phenoxide Z n -0  bonds Z n l-O l and 
Z n l-0 2  (Figure 4.3) measure 1.895(2) A and 1.914(2) A, respectively. The zinc- 
coordinated tetrahydrofuran contact Z n l-0 3 1  (Figure 4.3) is slightly longer, at 
2.114(2) A. The individual molecules of the tetrahydrofuran solvate o f compound 
28 associate via C -H  7t(arene) interactions (D = 3.184 A, d  = 2.327 A and 0 =
149.93°), [C3C-H3C centroid(C21A-C26A)] (Figure 4.4).
Single crystal x-ray diffraction analysis of compound 29 reveals this product is an 
imidazolium zincate dimer possessing a phenoxide-bridged dianion (Figure 4.5). 
The zinc centres within the dianion are pseudo tetrahedral and bear two terminal 
and two bridging phenoxide ligands. Purdy et al. have structurally characterised 
two related dimeric species Na2[Zn(OlBu)3 ]2  and K2[Zn(OlBu)3 ]2  incorporating an 









Figure 4.5: Solid state molecular structure of the dimeric imidazolium zincate species 29 
as determined by x-ray diffraction (01 A, 03 A, C2A, C3A, HI A, H2A and H3A are 
symmetry generated equivalents of 01, 03, C2, C3, HI, H2 and H3, respectively)
participate in C -H  7t(arene) interactions (D = 3.225 A, d  = 2.356 A and 9  =
172.83°) with the aromatic rings of two o f the four terminal phenoxide ligands, 
[ C l-H l centroid(Cl 1-C16)] (Figure 4.5). Cowley et al. have recently reported
the structural characterisation of a number of C -H  7t(arene) interactions between
imidazolium cations and aromatic cyclic hydrocarbon anions:[35 361 the shortest of 
which are the charge assisted C -H  Tt(arene) interactions observed within the
bisimidazolium cyclopentadienide cation (D = 3.086(8) A, d — 2.295(9) A and 6 = 
162.4(5)°).[351 There is some disorder in the two terminal phenoxide ligands in 29 
that do not participate in C -H  7t(arene) interactions. The metrical parameters of
the cations are consistent with those found for other imidazolium species:127' 37’39] 
with N (l)-C (2)-N (3) angles o f 108.8(4)°, and N -C(2) bonds of 1.320(6) A and 
1.326(6) A (c.f. [IMesH][Cl][40] and compounds 1-5, 8 and 9 in Chapter Two).
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Scheme 4.5: Hydrolysis of //-heterocyclic carbene-zinc(II) terminal phenoxide species 
27 and 28 to provide the dimeric compounds 27a and 28a, respectively
Crystalline samples of hydrolysis products 27a and 28a have been isolated from 
dilute toluene solutions of compounds 27 and 28, respectively (Scheme 4.5). The 
imidazol-2-ylidene ligated methylzinc-phenoxide 27 seems to be more susceptible 
to hydrolysis than the //-heterocyclic carbene-zinc(II)-bisphenoxide complex 28: 
significant quantities of 27a were isolated, while only a few crystals of 28a were 
recovered. The ring-opened imidazol-2-ylidene-bridged dimer 27a could not be 
characterised via NMR spectroscopy since it is insoluble in both C6D6 and d*- 
tetrahydrofuran, and reacts with CDCI3, CD2CI2 and dj-pyridine. The absence of 
a molecular ion (M*) peak in the mass spectrum of 27a reveals that this species 
disintegrates under fast-atom bombardment - a fragment originating from the ring- 
opened imidazol-2 -ylidene ligand is, however, observed at a mass/charge (m/z) 
ratio of 322.2. This species was unambiguously identified via single crystal x-ray 
diffraction. The hydroxy-bridged species 28a is not readily soluble in C6D6 and 
decomposes on gentle warming: insufficient sample remained for further attempts 
at NMR analysis - 28a was therefore also identified by single crystal diffraction.
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The reaction of compound 27 with water presumably results in the evolution of 
methane and formation of the related AMieterocyclic carbene-zinc(II)-phenoxide 
hydroxy intermediate. The hydroxide functionality could then be delivered to the 
imidazol-2 -ylidene and attack the out-of-plane p-orbital at the carbene centre in 
much the same way as recently reported for alkyl and carbonyl substituents.[4M3] 
This is consistent with the formulation of the ring-opened JV-heterocyclic carbene 
ligand (Scheme 4.5 and Figure 4.6). The vacant coordination site is subsequently 
occupied by an imidazol-2 -ylidene ligand scavenged from another zinc centre. 
We have subsequently isolated compound 27a from the reaction of dimethylzinc 
with two equivalents of l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene and a 
single equivalent of 2,4,6-trimethylphenol.
On the reaction of compound 28 with water, one of the phenoxide ligands within 
this species is exchanged for a hydroxide functionality to yield 28a. We suggest 
that compound 28 is analogous in structure to this hydroxy-bridged dimer. The 
observed decomposition of this product on gentle warming in C6D6 is attributed to 
the ring-opening of one of the imidazol-2 -ylidene ligands within this compound 
by the bridging hydroxide substituent.
Single crystal x-ray diffraction analysis reveals that both of the zinc centres in the 
ring-opened imidazol-2 -ylidene-bridged //-heterocyclic carbene-zinc-phenoxide 
dimer 27a possess pseudo tetrahedral geometries (Figure 4.6). At 2.040(2) A, the 
imidazol-2-ylidene-zinc C(2)-Zn bond C l-Z nl is comparable in length to those 
within 27 and 28; 2.035(2) A and 2.044(3) A, respectively. The zinc-terminal 
phenoxide Zn- 0  bond Z n l-O l (Figure 4.6) measures 1.914(2) A; comparable 
with the zinc-terminal phenoxide Zn- 0  lengths in 27 and 28. At 2.155(2) A, the 
zinc-carbonyl Zn-O distance Z nl-02A  (Figure 4.6) is longer than the covalent 
zinc-phenoxide Zn-O bond Z nl-O l (1.914(2) A). At 1.245(3) A, consistent with 
the double bond character of the aldehyde C -0  bond, C6-02 (Figure 4.6) is much 
shorter than the O-C(ipso) bond of the phenoxide ligand, O1-C101 (Figure 4.6), 
which measures 1.326(3) A. In line with conservation of the C(4)=C(5) double 
bond, C4 and C5 (Figure 4.6) are sp2 hybridised; the N3-C4-C5 and C4-C5-N4 
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Figure 4.6: Molecular structure of the dimeric species 27a as determined by x-ray 
diffraction (ZnlA, N3A, C4A, C5A, N4A and 02A are symmetry generated 
equivalents of Znl, N3, C4, C5, N4 and 02, respectively)
the C4-C5 distance (Figure 4.6) measures 1.351(3) A. The zinc-amide Zn-N  
bond Z nl-N 3 (Figure 4.6) is determined to be 1.963(2) A in length.
Single crystal x-ray structural characterisation of the dimeric hydrolysis product 
28a reveals that both of its zinc centres are pseudo tetrahedral in geometry. The 
imidazol-2-ylidene-zinc C(2)-Zn bonds C l-Z n l and C101-Zn2, at 2.047(3) A 
and 2.053(3) A respectively, are shorter than that observed within the imidazol-2- 
ylidene:diethylzinc adduct (2.096(3) A) structurally characterised by Arduengo et 
or/.[24] One of the imidazol-2-ylidene aryl ring substituents is disordered over two 
positions; and the hydrogen of the bridging hydroxide is disordered 50:50 over 
two positions HI A and H1B (Figure 4.7). In line with the greater steric demands 
of the bridging phenoxide relative to the hydroxide; the Z n l- 0 2  and Z n2-02  
distances (Figure 4.7), at 2.086(2) A and 2.058(2) A respectively, are longer than 











Figure 4.7: Molecular structure of the hydroxy-bridged dimeric hydrolysis 
product 28a as determined by single crystal x-ray diffraction
In order to further evaluate the synthetic utility of the hydrogen-bonded organic 
metal-AMieterocyclic carbene complex precursors described in Chapter Two in the 
preparation of imidazol-2-ylidene ligated zinc(II) coordination compounds; we 
decided to investigate the in situ deprotonation of imidazolium phenoxide salt 9 
and the imidazol-2-ylidene:amine adduct 15 by dimethylzinc. The stoichiometric 
reaction of the imidazolium phenoxide salt 9 with one equivalent of dimethylzinc 
provides the A^-heterocyclic carbene ligated methylzinc(II)-phenoxide species 30 
(Scheme 4.6). The reaction of a single equivalent of the neutral hydrogen-bonded 
imidazol-2-ylidene:amine adduct 15 with one equivalent of dimethylzinc yields 
the imidazol-2-ylidene ligated methylzinc(II)-amide 31 (Scheme 4.6).
NMR spectroscopic analysis o f the ./V-heterocyclic carbene ligated methylzinc(II)- 
phenoxide complex 30 was undertaken in CeD6 solution. The imidazol-2-ylidene 
C(4/5)-H backbone hydrogen atom resonance is observed at a chemical shift of
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Scheme 4.6: Reaction of dimethylzinc with hydrogen-bonded organic 
metal-TV-heterocyclic carbene complex precursor species 
(i) imidazolium phenoxide salt 9, toluene;
(ii) imidazol-2-ylidene:amine adduct 15, toluene
5.98 ppm in the !H-NMR spectrum of compound 30: the !H-NMR spectrum of the 
analogous terminal phenoxide 27 displays a singlet corresponding to the C(4/5)-H 
backbone hydrogen atoms of the imidazol-2-ylidene ligand at 5.99 ppm. As is the 
case in the ^C^HJ-NM R spectrum of compound 27; the C(2) and C(4/5) carbon 
atom resonances are observed at chemical shifts indicative of the heterocyclic core 
of an imidazol-2-ylidene-metal adduct, at 180.3 ppm and 122.6 ppm respectively. 
The organometallic methyl substituent is observed within the *H- and ^C ^H }- 
NMR spectra at -0.78 ppm and -11.1 ppm, respectively.
NMR spectroscopic analysis of compound 31 was undertaken in CD3OD solution. 
Vigorous methane evolution was observed on the addition of CD3OD to 31, which 
accounts for the absence of signals corresponding to the organometallic methyl 
substituent in the !H- and 13C{1H}-NMR spectra. The *H-NMR spectrum lacks a 
C(4/5)-H backbone hydrogen atom resonance: the absence of such a resonance is 
attributed to H/D exchange such as that observed in compound 29. Furthermore, 
the ^C^HJ-NM R spectrum does not include a C(4/5) carbon atom signal. The 
*H-NMR spectrum recorded in CH3OH solution at 400 MHz displays a singlet 
assigned as the C(4/5)-H backbone hydrogen atom resonance at a chemical shift
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of 7.98 ppm. The ^C ^H j-N M R  spectrum recorded in CD3OD incorporates a 
resonance corresponding to the C(2) carbon of a cationic imidazolium species at a 
chemical shift of 139.6 ppm. On closer inspection, the available lH- and 13C{XH}- 
NMR data bears a remarkable resemblance to that obtained from the spectroscopic 
analysis of compound 21 in CD3OD. On this basis, we suggest that the reaction 
of 31 with CD3OD generates methane, diphenylamine, the methoxide salt of the 
^-heterocyclic carbene ligand, and Zn(OCD 3)2 . Indeed, the components present 
in solution can be identified as diphenylamine and the methoxide salt of the N-  
heterocyclic carbene via comparison o f the available NMR data with that obtained 







Figure 4.8: Representation of the molecular structure of the imidazol-2-ylidene-zinc(II)- 
phenoxide methyl species 30 as determined by single crystal x-ray diffraction
a ‘H-NM R (400 MHz, CH3OH/CD3OD capillary): 8 6 .70-6.80 (2H, t, 7(h -h ) = 7.2 H z , HNPh2/>ara- 
H), 6 .94-7.04 (4H, d, J (h -h )  = 7.6 H z , HNPh2 ortho-H), 7 .07-7.18 (4H, t, J{H.H) = 7.6 Hz, HNPh2 
meta-H), 7.37 (1H, br s, HNPh2 NH).
§ ‘H-NMR (400 MHz, CH3OH/CD3OD capillary): 5 2.14 (12H, s, IMes-H ortho-CHJ, 2.35 (6H, s, 
IMes-H para-CH0 , 7.14 (4H, s, IMes-H meta-H), 8.00 (2H, s, IMes-H C(4/5)H).
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Single crystal x-ray diffraction analysis confirms that compound 30 is indeed an 
imidazol-2-ylidene-zinc(II)-terminal phenoxide methyl species (Figure 4.8). The 
asymmetric unit contains one complete molecule of this three-coordinate zinc 
complex. The zinc centre Znl (Figure 4.8) is pseudo trigonal-planar in geometry. 
The imidazol-2-ylidene-zinc C(2)-Zn bond C l-Z n l (Figure 4.8) is determined to 
be 2.041(2) A in length, and compares well with that observed in the analogous TV- 
heterocyclic carbene-zinc(II)-terminal phenoxide methyl species 27 (2.035(2) A). 
The zinc-terminal phenoxide Z n -0  bond Z n l-O l (Figure 4.8) is 1.917(2) A in 













Figure 4.9: Representation of the molecular structure of the imidazol-2-ylidene-zinc(II)- 
amide methyl species 31 as determined by single crystal x-ray diffraction
Single crystal x-ray diffraction unambiguously identifies 31 as an TV-heterocyclic 
carbene-zinc(II)-amide methyl species (Figure 4.9), in which the pseudo trigonal- 
planar three-coordinate zinc centre possesses an IMes ligand, a diphenylamide 
functionality and a methyl substituent (Figure 4.9). The imidazol-2-ylidene-zinc 
C(2)-Zn bond C l-Z n l (Figure 4.9) is equal to 2.061(2) A. The diphenylamide- 
zinc N -Zn bond N 3-Z nl (Figure 4.9) measures 1.971(2) A, and is comparable in 
length to the zinc-amide N -Zn bond observed within 27a (1.963(2) A).
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4.3: 8-Caprolactone Polymerisation
The formation of the hydrolysis product 28a from the TV-heterocyclic carbene- 
zinc(II)-bisphenoxide complex 28 seemed to imply that insertion into the zinc(II)- 
phenoxide bond is a possibility, and, along with the quite significant Lewis acidity 
of zinc centres/ 2 4 ,253 this prompted us to turn our attention towards the catalysis of 
coordination-insertion reactions such as ring-opening polymerisations/ 53 It should 
be noted than zinc(II)-phenoxide species have previously been exploited in the 
catalysis of a number of ring-opening polymerisation processes/11'13,16,17)26>44]
L J n-l
Scheme 4.7: Ring-opening polymerisation of e-caprolactone
We decided to evaluate the TV-heterocyclic carbene-zinc(II)-bisphenoxide complex 
28, [(IMes)Zn(OMes)2], as an initiator in the ring-opening polymerisation of the 
cyclic ester e-caprolactone (Scheme 4.7). The reaction conditions employed were 
adapted from those utilised in the aluminium alkoxide initiated polymerisation of 
e-caprolactone, as reported by Lin et a / / 453
Our results indicate that compound 28 initiates the ring-opening polymerisation of 
e-caprolactone (Scheme 4.7). At 50 °C, [(IMes)Zn(OMes)2] converts all of the 
available monomer into poly(caprolactone) within 100 minutes (Table 4.1). NMR 
spectroscopic analysis of the polymer in CDCI3 solution reveals that the chains are
2,4,6-trimethylphenoxy-terminated; confirming that polymerisation proceeds via 
insertion into the zinc(II)-phenoxide bond (Scheme 4.8) / 13 The average number 
of repeat units per chain can be determined via the integration of the most acidic 
methylene protons within the polymer backbone relative to those at the hydroxy 
terminus [45] The number average molecular weight (Mn) of the isolated polymer 
was determined to be 25590 g mol' 1 by means of this NMR end-group analysis 
methodology/ 453 in this case, Mn ^H-NMR) should equal 11516 g mol' 1 if both 














Scheme 4.8: Proposed mechanism for the ring-opening polymerisation of 
e-caprolactone initiated by [(fMes)Zn(OMes)2]
operation. GPC analysis of the polymer was undertaken in tetrahydrofuran and 
provided values of Mw (GPC) and Mn (GPC), relative to polystyrene standards, of 
80307 g mol' 1 and 32589 g mol"1, respectively; from which a Polydispersity Index 
(PDI) of 2.464 was calculated. We attribute the observed higher than anticipated 
average molecular weight and broad molecular weight distribution to slow initial 
catalyst activation and rapid subsequent propagation (Scheme 4.8). The difficult 
initial insertion of the monomer into the zinc(II)-phenoxide bond, consistent with 
slow hydrolysis of 28 to yield 28a, provides an active zinc(II)-alkoxide bond into 
which all subsequent insertions are rapid (Scheme 4.8).
In an effort to obtain polymers with narrower molecular weight distributions, we 
decided to attempt to activate the pre-catalyst species [(IMes)Zn(OMes)2] prior to 
addition of the monomer. Alcohol was added to the pre-catalyst with the aim of 
substituting one or more of the phenoxide ligands for an alkoxide functionality 
(Scheme 4.9 - Pathway A). Toluene solutions of the pre-catalyst 28 and one, two 
and eight equivalents of the alcohol initiator isopropanol were maintained at 50 °C 
for 900 minutes, 900 minutes and 1530 minutes, respectively (Table 4.1), in order 





Scheme 4.9: Proposed pathways for the activation of the [(IMes)Zn(OMes)2] 
pre-catalyst via isopropanol alcoholysis
pre-catalyst solutions subsequently resulted in the complete consumption of all the 
available monomer within a period of 100 minutes. The polymers isolated from 
these reactions indeed display narrower molecular weight distributions than is the 
case in the absence of isopropanol (Table 4.1). The number average molecular 
weights of these polymers determined by NMR end-group analysis Mn (]H-NMR) 
equal 19350 g mol"1, 10447 g mol"1, and 2685 g mol"1, respectively; which more 
closely resemble the values of 22860 g mol"1, 11460 g mol'1, and 2910 g mol"1, 
respectively (Table 4.1), predicted assuming a living polymerisation mechanism.
The fact that the activation of the pre-catalyst does not require an induction period 
and occurs at room temperature suggests that the alcoholysis reaction proceeds via 
Pathway B rather than Pathway A (Scheme 4.9). Compounds 16 and 21 (Chapter 
Three), and 31, display similar reactivity with CD3OD. The addition of alcohol 
initiator to the pre-catalyst [(IMes)Zn(OMes)2] generates an imidazolium zincate 
dimer, which incorporates an alkoxide-bridged dianion: this structural analogue to 
compound 29 deaggregates in the presence of e-caprolactone monomer to provide 
the catalytically active monomeric imidazolium alkoxide ligated zincate species 

















323K ----- ----- 100 mins 2.71 g (100% ) 25590 80307 32589 2 .4 6 4
323K 1 eq 90 0  mins 100 mins 2 .68  g (100% ) 19350 45017 26260 1 .714
323K 2 eq 90 0  mins 100 mins 2 .59  g (96% ) 10447 22014 14596 1 .508
323K 8 eq 1530 mins 100 mins 2 .48  g (92% ) 2685 5199 4018 1 .294
323K 2 eq ----- 100 mins 2.61 g (97% ) 10219 22411 12416 1.805
323K 2 eq ----- 30 mins 2 .69 g (100% ) 9 306 19678 15804 1 .245
3 2 3 K 8 eq ----- 30 mins 1.47 g (55% ) 2155 3866 3201 1 .208
323K 2 eq ----- 2 .5  mins 1.75 g (65% ) 6566 14171 12442 1 .139
323K 2 eq ----- 4  mins 2.01 g (75% ) 8 050 18268 15406 1 .186
323K 2 eq ----- 10 mins 2 .60 g (97% ) 7479 21380 16940 1 .262
298K 2 eq ----- 100 mins 2 .28  g (85% ) 6566 13408 10971 1 .222
298K 2 eq ----- 120 mins 2 .55 g (95% ) 11588 20603 17257 1 .194
298K 8 eq ----- 50 mins 2 .35 g (87% ) 2685 5159 4212 1 .225
298K 8 eq ----- 60 mins 2.41 g (90% ) 973 4 778 3849 1.241
Table 4.1: Summary of the various catalytic runs completed exploiting 
[(IMes)Zn(OMes)2] as the catalyst or pre-catalyst
bond of this species is confirmed by NMR spectroscopic analysis of the polymers 
produced; all of which are isopropoxy-terminated. The number of equivalents of 
alcohol initiator added to [(IMes)Zn(OMes)2] during catalyst pre-activation has an 
influence on the length of the polymer chain, and therefore the average molecular
2 -
:zn
Scheme 4.10: Proposed mechanism for the ring-opening polymerisation of 
e-caprolactone initiated by an in s itu  generated zinc-alkoxide catalyst
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Scheme 4.11: Reversible chain-transfer during the ring-opening polymerisation of 
e-caprolactone initiated by an in situ  generated zinc-alkoxide catalyst
weights of the poly(caprolactone) produced (Table 4.1). In polymerisations that 
have reached completion; the polymer chain length and average molecular weight 
of the isolated polymer is directly proportional to the number of equivalents of 
alcohol present in solution. This is consistent with an immortal polymerisation 
process :[45_47] the growing chains are reversibly terminated as a result of their 
reaction with alcohol or a dormant chain (Scheme 4.11). The molecular weight of 
the poly(caprolactone) isolated depends on the relative concentrations of the e- 
caprolactone monomer and the alcohol initiator; and therefore a greater number of 
chains can be propagated than would be anticipated from a consideration of the 
relative concentrations of the monomer and the zinc initiator. In order for narrow 
molecular weight polymers to be produced via immortal polymerisation reactions 
the rate of chain transfer must exceed the rate of propagation.[48'55]
The activity of the in situ generated catalytically active species [Zn(OMes)2(OR)]“ 
in the ring-opening homopolymerisation of e-caprolactone is attributed to the high 
concentration of electron density at the zinc centre. Even though this would not 
assist the coordination of monomer to the zinc centre, it has been suggested that it 
leads to an enhancement in the rate of the insertion step.[56*58] Furthermore, we 
propose that increased electron density at the zinc centre, and the rapid exchange
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of growing polymer chains at the metal centre, reduces the likelihood of back- 
coordination of the growing polymer chain to the initiator species. Breakdown of 
the polymer via macrocycle formation is therefore not a problem associated with 
this system. However, we recognise that since the number of propagating chains 
present can exceed the number of metal initiator molecules present - depending on 
the quantity of alcohol introduced into the system in the catalyst pre-activation 
stage - interchain transesterification may be prevalent.
4.4: Conclusions
We have prepared a series of phenoxide and amide supported zinc species by the 
in situ deprotonation of hydrogen-bonded organic metal-iV-heterocyclic carbene 
complex precursors described in Chapter Two. Compounds 27 and 28 undergo 
hydrolysis to 27a and 28a, respectively, in toluene solution. NMR spectroscopic 
characterisation of 29 is complicated by H/D exchange of the C(4/5)-H backbone 
hydrogen atoms of the imidazolium cation. 7V-heterocyclic carbene-zinc-amide 
methyl species 31 reacts with CD3OD to provide diphenylamine, the methoxide 
salt of the imidazol-2-ylidene ligand, and, presumably, Zn(OCD3)2 .
Compound 28 has been exploited as both a catalyst and pre-catalyst in the ring- 
opening polymerisation of s-caprolactone. Polymerisation reactions conducted in 
the presence of alcohol yield polymers with narrow molecular weight distributions 
and chain lengths proportional to the amount of alcohol introduced into the system 
during the pre-catalyst activation step. Catalyst pre-activation occurs immediately 
at room temperature suggesting that the catalytically active species is in fact an 
imidazolium zincate salt - compound 31 undergoes a similar rapid reaction with 
CD3OD. The increased electron density at the zinc centre probably precludes the 
back-coordination of the growing polymer chain and subsequent degradation of 
the polymer via macrocycle formation. However, at high alcohol concentrations 
the degradation of the poly(caprolactone) polymer by interchain transesterification 
may represent a significant problem. We suggest that further research to ascertain 
the extent of these transesterification processes is warranted.
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All manipulations were performed under a dry argon atmosphere using standard 
Schlenk-line and glovebox techniques.G lassw are was dried for several hours 
prior to use in an oven maintained at 130 °C. All solvents were distilled from the 
appropriate drying-agents under a nitrogen atmosphere, degassed and then stored 
under argon. Solid starting materials were dried in vacuo prior to subsequent 
reaction. l,3-bis-(2,4,6-trimethylphenyl)-imidazol-2-ylidene (IMes) was prepared 
via a procedure adapted from the synthesis of a related imidazol-2 -ylidene, as 
reported by Nolan et alP^ 2,4,6-trimethylphenyl-copper(I) (CuMes) was obtained 
according to a published literature method.[3] 2,4,6-trimethylphenol (MesOH) was 
purchased from Lancaster and recrystallised from hexane prior to use. All other 
chemicals were used as supplied by Acros, Aldrich, Avocado, Fluka or Lancaster. 
Deuterated NMR solvents were purchased from Goss Scientific Ltd. and, where 
appropriate, dried before use.[4J
Characterisation Details
All NMR spectra were recorded at 293K. Chemical shifts are reported in units of 
ppm downfield of TMS. !H-NMR spectra were recorded on a Bruker Avance 300 
MHz spectrometer or a Varian Mercury 400 MHz spectrometer. 13C{1H}-NMR 
spectra were recorded on the same spectrometers at 75.5 MHz and 100 MHz, 
respectively. 19F-NMR spectra were recorded on the Varian Mercury 400 MHz
spectrometer at 376 MHz, or a Bruker WP 100 MHz Spectrometer at 94.2 MHz,
1 1
and referenced to external CFCI3 (5 0.00). P-NMR spectra were recorded on the 
Bruker Avance 300 MHz spectrometer at 122 MHz and referenced externally to 
85% H3PO4 (5 0.00). ]H-NMR spectra were referenced to the chemical shifts of 
the residual protio solvent resonances (5 CD3CN, 1.94; CeD6 , 7.16; CDCI3, 7.26; 
CD2CI2, 5.32; dtf-DMSO, 2.50; CD3OD, 3.31).[5] 13C{'H}-NMR spectra were 
referenced to the chemical shifts of the residual solvent peaks ( 8  CD3CN, 1.32; 
C6D6) 128.06; CDCI3, 77.16; CD2C12, 53.80; d„-DMSO, 39.52; CD3OD, 49.00).[5]
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Melting points were determined using an Electrothermal IA9200 Digital Melting 
Point Apparatus. Elemental analyses were performed by the University of Bath 
Microanalysis Service on an Exeter Analytical Inc. CE-440 Elemental Analyser. 
Results obtained for organic compounds were in good agreement with anticipated 
values when crystalline samples were submitted for analysis and in satisfactory 
agreement when microcrystalline samples or powders were examined. Elemental 
analyses for the metal complexes are generally within acceptable tolerances of the 
expected values considering many of these species are highly reactive and also 
extremely sensitive to oxygen and moisture; although in a few cases discrepancies 
between the calculated and observed values are considerable. Mass spectra were 
recorded by the University of Bath Mass Spectrometry Service on a Micromass 
Autospec spectrometer (FAB) and a Finnigan MAT 8340 spectrometer (CI/EI). A 
peak corresponding to the fragment IMes-Cu-IMes+ is observed within the spectra 
of the neutral copper(I)-7V-heterocyclic carbene species 16,17 and 19-21; a similar 
fragment has been observed by Danopoulos et al. in the mass spectrum (ES) of a 
pyridyl-sidearm functionalised A-heterocyclic carbene-silver(I) bromide.[6]
Solid-State Structure Determination
Single crystal x-ray diffraction data collection was carried out on an Enraf Nonius 
Kappa CCD diffractometer equipped with an Oxford Cryosystems cooling device. 
Crystals coated in perfluorinated ether oil were mounted on gas fibres and placed 
in a stream of cold nitrogen gas, with diffraction of the graphite-monochromated 
Mo-Ka radiation (^=0.71073 A) detected by means of an xyz area detector. Data 
acquisition was controlled by the Nonius COLLECT[7] software package. Unit 
cell determination and refinement were subsequently performed using DENZO^ 
and SCALEPACK.[8] Structures were solved by direct methods, generally in 
sir92, sir97 or SHELXS-8 6 ,[9] and full-matrix least squares refinement performed 
using SHELXL-97. ' 101
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E-Caprolactone Polymerisation
e-Caprolactone polymerisation reactions were performed according to a published 
procedure.[11] e-Caprolactone was distilled from calcium hydride and stored under 
argon over 4 A molecular sieves. Glassware was rigorously flame dried prior to 
use. Mn of the polymers was ascertained by end-group analysis; the integration of 
the !H-NMR resonances corresponding to the repeat units relative to those of the 
polymer end-group, which provides the mean number of monomer units of known 
molecular weight that comprise each chain. The molecular weight distributions of 
the polymers were determined by Gel Permeation Chromatography; samples of 
the polymers were dissolved in tetrahydrofuran (0.01 g of polymer in 5.0 ml) and 
injected into a column of styrene divinylbenzene beads, maintained at 35 °C in a 
VE2585 Column Oven, via a Viscotek GPCMax VE2001 Control Module, elution 
was monitored with a VE3580 Refractive Index Detector.
Preparation of [IMes-H][OC6H5 ][HOC6H5 ] (1)
A warm toluene (30 mL) solution of phenol (0.21 g, 2.2 mmol) and IMes (0.30 g,
1.0 mmol) was filtered and allowed to cool slowly to room temperature. The 
product crystallised as yellow blocks suitable for x-ray diffraction, which were 
isolated by filtration, washed with hexane and dried in vacuo. Yield 0.18 g, 37% 
w.r.t. IMes. m.p. 168-172 °C. Elemental analysis: Calcd for C33H36N2O2 : C, 
80.45; H, 7.37; N, 5.69%. Found: C, 80.20; H, 7.36; N, 5.69%. ‘H-NMR (300 
MHz, dtf-DMSO): 5 2.11 (12H, s, IMes-H ortho-CW), 2.35 (6 H, s, IMes-H para- 
C/£ ), 6.24-6.33 (2H, t, V(h.h)= 7 .2  Hz, PhOH para-H), 6.42-6.51 (4H, d, V(H-h)=
8.4 Hz, PhOH ortho-H), 6.84-6.94 (4H, dd, V(H-h)=8.4 Hz, V(h-h)=7.2 Hz, PhOH 
meta-H), 7.20 (4H, s, IMes-H meta-H), 8.26 (2H, s, IMes-H C(4/5)H), 9.75 (1H, 
br s, IMes-H C(2)H). 13C-NMR (75.5 MHz, d6-DMSO): 8  16.9 (IMes-H ortho- 
CH3), 20.7 (IMes-H para-CH3), 112.7 (PhOH /)ara-C(arom)H), 117.1 (PhOH ortho- 
C(arom)H), 124.7 (IMes-H C(4/5)H), 128.7 (PhOH meta-C^rom)H), 129.4 (IMes-H 
mefa-C(arom)H), 131.1 (IMes-H ipso-C(aro m )) , 134.3 (IMes-H para-C(arom>), 140.6 
(IMes-H ortho-C(arom]), 165.0 (PhOH ipso-C(dwmj).
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Preparation of [IMes-H][OC6F5 ][HOC6F5 ] (2)
Pentafluorophenol (0.30 g, 1.6 mmol) was dissolved in toluene (5 mL) by gentle 
warming and subsequently added to a warm toluene (10 mL) solution of IMes 
(0.25 g, 0.8 mmol). The reaction mixture was allowed to cool slowly to room 
temperature to yield a crop of colourless needles suitable for x-ray diffraction, 
which were isolated by filtration, washed with hexane and dried in vacuo. Yield 
0.32 g, 58% w.r.t. IMes. m.p. 192-194 °C. Elemental analysis: Calcd for 
C33H26N2O2FK): C, 58.93; H, 3.90; N, 4.17%. Found: C, 58.61; H, 3.90; N, 
4.07%. ‘H-NMR (400 MHz, CD2C12): 8  2 . 1 1  (12H, s, IMes-H ortho-CHi), 2.31 
(6 H, s, IMes-H para-CHi), 6.98 (4H, s, IMes-H meta-H), 7.47 (2H, d, Vm.H)=1.3 
Hz, IMes-H C(4/5)/7), 10.32 (1H, br s, IMes-H C(2)H). I3C-NMR (100 MHz, 
CD2C12): 8  17.3 (IMes-H ortho-Cti-i), 21.1 (IMes-H para-CHj), 124.5 (IMes-H 
C(4/5)H), 129.9 (IMes-H meto-C(ar„m)H), 134.5 (IMes-H para-Cbrom>). 19F-NMR 
(94.2 MHz, CD2C12): 8  -88.30—88.70 (dd, = 19.0 Hz, V(F.F) = 9.0 Hz, 
F5C6OH ortho-F), -91.68—92.32 (dd, 3J (F.F) = 22.0 Hz, V(f-f)= 19.0 Hz, F5C6OH 
meta-F), -103.57—104.23 (tt, 37{F.F,=22.0 Hz, V (f-f)=9.0 Hz, F5C6OHpara-F).
Preparation of [IMes-H][OMes][HOMes] (3)
A toluene (30 mL) solution of 2,4,6-trimethylphenol (0.27 g, 2.0 mmol) and IMes 
(0.30 g, 1.0 mmol) was heated to reflux, filtered and allowed to cool slowly to 
room temperature. The product crystallised as a crop of yellow needles suitable 
for x-ray diffraction, which were isolated by filtration, washed with hexane and 
dried in vacuo. Yield 0.29 g, 50% w.r.t. IMes. m.p. 197-200 °C. Elemental 
analysis: Calcd for C39H48N2O2 : C, 81.21; H, 8.39; N, 4.86%. Found: C, 80.80; 
H, 8.36; N, 4.91%. 'H-NMR (300 MHz, d6-DMSO): 8  2.00 (12H, s, MesOH 
ortho-CH}), 2.05 (6 H, s, MesOH para-CHj), 2.11 (12H, s, IMes-H ortho-Cth),
2.35 (6 H, s, IMes-H para-CH3), 6.51 (4H, s, MesOH meta-H), 7.18 (4H, s, IMes- 
H meta-H), 8.22 (2H, s, IMes-H C(4/5)//). ‘H-NMR (300 MHz, CD2C12): 8  1.79 
(12H, s, MesOH ortho-CIh), 1.96 (12H, s, IMes-H ortho-CHS), 2.04 (6 H, s, 
MesOH para-CHi). 2.37 (6 H, s, IMes-H para-CH}), 6.41 (4H, s, MesOH meta- 
IT), 6.96 (4H, s, IMes-H meta-H), 7.21 (2H, s, IMes-H C(4/5)fl), 11.32 (2H, br s, 
IMes-H C(2)H and MesOH OH). ,3C-NMR (100 MHz, d<-DMSO): 8  17.0 (IMes-
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H ortho-CH,), 17.4 (MesOH ortho-CH,), 20.3 (MesOH para-CH,), 20.7 (IMes-H 
para-CH}), 122.1 (MesOH ortho-C(^om}), 124.1 (MesOH para-C(aronl)), 124.4 
(IMes-H C(4/5)H), 128.0 (MesOH m e ta - Q ^ H), 129.1 (IMes-H meto-C(arom)H),
131.0 (IMes-H ipso-C(mm),  134.1 (IMes-H para-C(arom)), 140.2 (IMes-H ortho- 
C(arom)), 155.9 (MesOH ipso-clmom)). I3C-NMR (75.5 MHz, CD2C12): 6  17.3 
(MesOH ortho-CH,), 17.4 (IMes-H ortho-CHi), 20.4 (MesOH para-CH,), 21.2 
(IMes-H para-CH,), 124.4 (IMes-H C(4/5)H), 125.9 (MesOH ortho-Cimm)),
128.3 (MesOH para-C(aTOm)), 129.6 (MesOH meta-C^om)li), 129.9 (IMes-H meta- 
C(arom)H), 131.2 (IMes-H ipso-C(arom))? 134.5 (IMes-H para-C^om)), 141.3 (IMes- 
H ortho-C(Mom)).
Preparation of [IMes-H][OC6CI5] (4)
A warm toluene (50 mL) solution of pentachlorophenol (0.27 g, 1.0 mmol) and 
IMes (0.30 g, 1.0 mmol) was filtered and subsequently allowed to cool to room 
temperature. The product precipitated as a white microcrystalline solid and was 
collected by filtration, washed with hexane and subsequently dried in vacuo. 
Yield 0.47 g, 82% w.r.t. IMes. m.p. 223-226 °C. Elemental analysis: Calcd for 
C27H25N20iCl5(C7H8)o.4: c, 58.91; H, 4.68; N, 4.61%. Found: C, 58.60; H, 4.68; 
N, 4.60%. ‘H-NMR (300 MHz, dr DMSO): 5 2.11 (12H, s, IMes-H ortho-CHi),
2.35 (6 H, s, IMes-H para-CH,), 7.19 (4H, s, IMes-H meta-H), 8.28 (2H, s, IMes- 
H C(4/5)g), 9.69 (1H, br s, IMes-H C(2)H). 13C-NMR (100 MHz, d^-DMSO): 5
17.0 (IMes-H ortho-CH,), 20.7 (IMes-H para-CH,), 124.6 (IMes-H C(4/5)H),
125.1 (CI5C6OH para-C^rom)), 128.0 (CI5C6OH ortho-Cj^om)), 128.7 (CI5C6OH 
meta-Cfaom)), 129.1 (IMes-H meta-C^ora)H), 130.8 (IMes-H ipso-C^om)), 134.0 
(IMes-H para-C(aTOm)), 137.1 (CI5C6OH ipso-C(aTom)), 138.4 (IMes-H C(2)H),
140.3 (IMes-H ortho-C^TOm)). Colourless needles suitable for single crystal x-ray 
diffraction were obtained by allowing a warm tetrahydrofuran (5 mL) solution of 
pentachlorophenol (0.17 g, 0.6 mmol) and IMes (0.20 g, 0.7 mmol) to cool slowly 
to room temperature.
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Preparation of [IMes-H][0(H0)C6H4] (5)
Catechol (1.00 g, 9.4 mmol) and IMes (2.87 g, 9.4 mmol) were gently warmed 
into tetrahydrofuran (60 mL). The resulting yellow solution was heated to reflux, 
filtered and allowed to cool slowly to room temperature. The product crystallised 
as large colourless blocks suitable for x-ray diffraction, which were subsequently 
isolated by filtration, washed with hexane and dried in vacuo. Yield 3.07 g, 79% 
w.r.t. IMes. m.p. 178-186 °C (dec). Elemental analysis: Calcd for C27H30N2O2 : 
C, 78.23; H, 7.29; N, 6.76%. Found: C, 78.30; H, 7.39; N, 6.72%. 'H-NMR (300 
MHz, d«-DMSO): S 2.10 (12H, s, IMes-H ortho-CHi), 2.35 (6 H, s, IMes-H para- 
C/^O, 6 .0 0 - 6 . 1 2  (2 H, m, catechol C(ar0m)H), 6.12-6.24 (2 H, m, catechol C(arom)2)> 
7.18 (4H, s, IMes-H meta-H), 8.24 (2H, s, IMes-H C(4/5)g), 8.73 (2H, br s, IMes- 
H C(2)H  and catechol OH). 13C-NMR (75.5 MHz, ds-DMSO): 8  17.0 (IMes-H 
ortho-CHi), 20.7 (IMes-H para-CR^), 110.8 (catechol C(arom)H), 113.7 (catechol 
C(arom)H), 124.6 (IMes-H C (4 /5 )H ) , 129.3 (IMes-H meta-Ci&TOm)H \  131.5 (IMes-H 
//750-C(arom)), 134.3 (IMes-H para-C^Tom)), 140.3 (IMes-H ortho-C^om)), 153.2
(catechol C(arom)OH).
Preparation of [IMes-H][OC6(OH)H4] (6)
A warm tetrahydrofuran (30 mL) solution of resorcinol (0.13 g, 1.2 mmol) and 
IMes (0.36 g, 1.2 mmol) was heated to reflux, filtered and allowed to cool slowly 
to room temperature. On standing overnight at 5 °C, the product precipitated as a 
light brown coloured microcrystalline solid, which was isolated by filtration, 
washed with hexane and dried in vacuo. Yield 0.20 g, 41% w.r.t. IMes. m.p. 
208-224 °C (dec). Elemental analysis: Calcd for C27H30N2O2 : C, 78.23; H, 7.29; 
N, 6.76%. Found: C, 74.80; H, 6.98; N, 5.62%. 'H-NMR (300 MHz, da-DMSO) 
major component: 5 2.11 (12H, s, IMes-H ortho-CH3 ), 2.35 (6 H, s, IMes-H 
para-CH$), 5.78-5.88 (2H, dd, 5/(h-h) = 7.9 Hz, 4J(h-H) = 2.2 Hz, resorcinol 
C(arom)#h 5.97-5.99 ( 1 H, t, V(h-h)= 2 . 2  Hz, resorcinol C(arom)H)> 6.57-6.67 ( 1 H, t, 
5*/(h-h) = 8.0 Hz, resorcinol C(arom)H), 7.20 (4H, s, IMes-H meta-H), 8.26 (2H, s, 
IMes-H C(4/5)g), 9.94 (V2H, br s, IMes-H C(2)H). 13C-NMR (100 MHz, 
d,5-DMSO) major component: 5 17.0 (IMes-H ortho-CH3), 20.7 (IMes-H 
para-CKz), 103.8 (resorcinol C(arom)H), 104.6 (resorcinol C^omjH), 124.5 (IMes-H
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C(4/5)H), 128.4 (resorcinol C(ar0m)H), 129.1 (IMes-H meta-C(arom)H), 130.8 
(IMes-H ipso-C(aWm)), 134.1 (IMes-H para-C^om)), 140.3 (IMes-H ortho-C(aTom)),
161.7 (resorcinol C(arom)OH).
Preparation of [IMes-H][OC6H4(OH)] (7)
A suspension of hydroquinone (0.13 g, 1.2 mmol) and IMes (0.36 g, 1.2 mmol) in 
toluene (30 mL) was heated to reflux, filtered and allowed to cool slowly to room 
temperature. The product precipitated as a white powder, and was isolated by 
filtration, washed with hexane and dried in vacuo. Yield 0.48 g, 98% w.r.t. IMes. 
m.p. 242-244 °C. Elemental analysis: Calcd for C27H30N2O2 : C, 78.23; H, 7.29; 
N, 6.76%. Found: C, 74.00; H, 6.85; N, 5.60%. ‘H-NMR (300 MHz, ds-DMSO): 
6  2.11 (12H, s, IMes-H ortho-CH^), 2.35 (6 H, s, IMes-H para-CH,), 6.34 (6 H, br 
s, hydroquinone C(arom)Zf and hydroquinone OH), 7.19 (4H, s, IMes-H meta-H), 
8.23 (2H, s, IMes-H C(4/5)H). 13C-NMR (100 MHz, d4-DMSO): 5 17.0 (IMes-H 
ortho-CRi), 20.7 (IMes-H para-CHi), 115.7 (hydroquinone C(ar0m)H), 124.5 
(IMes-H C(4/5)H), 129.1 (IMes-H meta-C^r0m)H), 130.9 (IMes-H ipso-C(Mom)),
134.1 (IMes-Hpara-C^rom)), 139.2 (IMes-H C(2)H), 140.3 (IMes-H ortho-C^ om)),
150.5 (hydroquinone C(arom)OH).
I------------- 1
Preparation of [IMes-H][0C6H4-2-CN(C6H4)0] (8)
A suspension of 2-(2-hydroxyphenyl)benzoxazole (0.21 g, 1.0 mmol) and IMes 
(0.30 g, 1.0 mmol) in toluene (45 mL) was heated to reflux. The resulting yellow 
solution was filtered immediately and allowed to cool slowly to room temperature 
to yield a crop of yellow needles, which were subsequently isolated by filtration, 
washed with hexane and dried in vacuo. Yield 0.40 g, 78% w.r.t. IMes. m.p. 
207-209 °C. Elemental analysis: Calcd for C34H33N3O2 : C, 79.20; H, 6.45; N, 
8.15%. Found: C, 79.20; H, 6.54; N, 8.32%. ’H-NMR (300 MHz, d^-DMSO): 8
2.09 (12H, s, IMes-H ortho-CH,), 2.33 (6 H, s, IMes-H para-CHi), 5.83-5.92 (1H, 
dd, 5V h )= 7 .2  H z , j7(h-h)= 6.7 H z , benzoxazole C(arom)77), 6.07-6.14 (1H, d, 3Jm. 
h)=8 . 6  H z , benzoxazole Q arom)//), 6.75-6.85 (1H, ddd, j7(h-h)= 8.6 H z , V(h-H)= 6 . 6  
H z , V « )  = 2.1 Hz, benzoxazole C(amm)H), 7.10-7.24 (2H, m, benzoxazole 
C(arom)tf), 7.15 (4H, s, IMes-H meta-H), 7.45-7.52 (2H, d, V(h-h) = 7.3 Hz,
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benzoxazole C(arom)H), 7.57-7.63 (1 H, dd, 5/(H-h) = 7.9 Hz, 4J(h-h) = 2.0 Hz, 
benzoxazole C(arom) )^, 8.27 (2H, s, IMes-H C (4/5)H), 9.91 (1H, br s, IMes-H 
C(2)f£). 13C-NM R (75.5 MHz, d6-DMSO): 5 16.9 (IMes-H ortho-CH^), 20.6  
(IMes-H para-CH^), 106.3 (benzoxazole C(ar0m)H), 109.6 (benzoxazole C(arom)H),
112.3 (benzoxazole C(arom)), 117.4 (benzoxazole C(ar0m)H), 122.1 (benzoxazole 
C(ar0m)H), 123.2 (benzoxazole C(ar0m)H), 124.1 (benzoxazole C(ar0m)H), 124.7 
(IMes-H C(4/5)H), 129.3 (IMes-H meta-C^om)H), 130.9 (benzoxazole C(arom)H),
131.0 (IMes-H ipso-C^Tom)), 131.8 (benzoxazole C(arom)H), 134.3 (IMes-H para- 
(^arom)), 139.1 (IMes-H C(2)H), 140.5 (IMes-H ortho-Cj^0m)), 142.5 (benzoxazole 
£ (ar0m)); 149.7 (benzoxazole C(arom)), 167.5 (benzoxazole C(arom)), 172.2 
(benzoxazole C(arom))- Recrystallisation from acetonitrile yielded crystals suitable 
for study by x-ray diffraction.
Preparation of [IMes-H][OC6 tBu2H2CH3 ] (9)
A warm toluene (5 mL) solution of 2,6-di-ter/-butyl-4-methylphenol (0.42 g, 1.9 
mmol) and IMes (0.58 g, 1.9 mmol) was filtered and allowed to cool slowly to 
room temperature. The product crystallised as a crop of yellow needles suitable 
for x-ray diffraction, which were isolated by filtration, washed with hexane and 
dried in vacuo. Yield 0.91 g, 91% w.r.t. IMes. m.p. 186-191 °C. Elemental 
analysis: Calcd for C36H48N2O1: C, 82.39; H, 9.22; N, 5.34%. Found: C, 82.10; 
H, 9.23; N, 5.36%. 'H-NMR (300 MHz, d«-DMSO): 8  1.23 (18H, s, BHT 
C(Cff})3), 2.00 (3H, s, BHT para-CHi), 2.11 (12H, s, IMes-H ortho-CH3), 2.33 
(6 H, s, IMes-H para-CH^ ,). 6.43 (2H, s, BHT meta-H), 7.17 (4H, s, IMes-H meta- 
H), 8.22 (2H, s, IMes-H C(4/5)H). 13C-NMR (75.5 MHz, d«s-DMSO): 8  17.0 
(IMes-H ortho-CHi), 20.7 (IMes-H para-CH,), 21.6 (BHT para-CH3), 30.0 (BHT 
C(CH3)3), 34.5 (BHT C(CH3)3), 123.7 (BHT meta-C(amm)H), 124.6 (IMes-H 
C(4/5)H), 129.3 (IMes-H meta-C(arom)H), 131.4 (IMes-H ipso-C^om)), 134.3 
(IMes-H para-C^om)), 135.2 (BHT ortho-C^Ton,)), 140.3 (IMes-H ortho-C^ om)).
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Preparation of [IMes-H]2[(OC6 tBu2H2 )2 CH2 ] (10)
4,4’-methylene-bis-(2,6-di-te?7-butylphenol) (0.21 g, 0.5 mmol) and IMes (0.30 g,
1.0 mmol) were dissolved in toluene (30 mL). The resulting solution was heated 
to reflux, filtered and allowed to cool slowly to room temperature. On standing 
overnight at -20 °C, the product precipitated from solution as a light pink coloured 
microcrystalline solid, which was collected by filtration, washed with hexane and 
dried in vacuo. Yield 0.32 g, 62% w.r.t. IMes. m.p. 169-177 °C. Elemental 
analysis: Calcd for C71H92N4O2 : C, 82.51; H, 8.97; N, 5.42%. Found: C, 79.40; 
H, 8.73; N, 4.23%. 1 H-NMR (300 MHz, d<j-DMSO): 5 1.25 (36H, s, bis(BHT) 
C(C/£)3), 2.11 (24H, s, IMes-H ortho-CH3), 2.33 (12H, s, IMes-H para-CH3), 
6.63 (4H, s, bis(BHT) meta-H), 7.17 (10H, s, IMes-H meta-H and bis(BHT) - 
CH2 -), 8.21 (4H, s, IMes-H C(4/5)H). 13C-NMR (100 MHz, d*-DMSO): 8  17.0 
(IMes-H ortho-CH3), 20.7 (IMes-H para-C¥L3\  29.5 (bis(BHT) -CH2-), 30.2 
(bis(BHT) C(CH3)3), 34.5 (bis(BHT) C(CH3)3), 123.5 (bis(BHT) meta-Q*r0m)H),
124.6 (IMes-H C(4/5)H), 129.1 (IMes-H meta-C{aXomjR\ 129.4 (bis(BHT) para- 
C(arom)), 131.0 (IMes-H ipso-C(&wm)), 134.0 (IMes-H para-C(arom)), 134.4 
(bis(BHT) ortho-C(&Tom)), 134.9 (bis(BHT) ipso-Qjuom)), 140.2 (IMes-H ortho-
C (a ro m ))-
Preparation of [IMes-H][02CC6H5] (11)
A toluene (30 mL) solution of benzoic acid (0.12 g, 1.0 mmol) and IMes (0.30 g,
1 . 0  mmol) was heated to reflux, filtered and allowed to cool slowly to room 
temperature. On standing overnight at 5 °C, the product precipitated as a yellow 
microcrystalline solid, which was isolated by filtration, washed with hexane and 
dried in vacuo. Yield 0.32 g, 75% w.r.t. IMes. m.p. 182-184 °C. Elemental 
analysis: Calcd for C28H3oN20 2: C, 78.84; H, 7.09; N, 6.57%. Found: C, 78.40; 
H, 7.04; N, 6.26%. 'H-NMR (300 MHz, d5-DMSO): 6  2.12 (12H, s, IMes-H 
o r th o - C H 2.34 (6 H, s, IMes-H para-CH3). 7.19 (7H, s, IMes-H meta-H and 
benzoic acid C(ar0m)fi), 7.70-7.80 (2H, m, benzoic acid C(arom)S), 8.29 (2H, s, 
IMes-H C(4/5)g), 9.78 (1H, s, M es-H C(2)H). 13C-NMR (100 MHz, dd-DMSO): 
8  17.0 (IMes-H ortho-CH3), 20.7 (IMes-H para-CH,), 124.6 (IMes-H C(4/5)H),
126.5 (benzoic acid C(arom)H), 127.4 (benzoic acid C(ar0m)H), 128.6 (benzoic acid
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C(arom)H), 129.1 (IMes-H me/a-C(arom)H), 130.8 (IMes-H ipso-C(amm)), 134.1 
(IMes-Hpara-C{aTom>), 138.4 (IMes-H C(2)H), 140.3 (IMes-H ortho-C{aJ ,  142.0 
(benzoic acid ipso-C(arom)), 167.6 (benzoic acid CO2H).
Preparation of [IMes-H][(C6H5C(0))2CH] (12)
A suspension of dibenzoylmethane (1.00 g, 4.6 mmol) and IMes (1.60 g, 5.3 
mmol) in toluene (30 mL) was heated to reflux and taken into solution by the 
addition of tetrahydrofuran (30 mL). The yellow solution was allowed to cool 
slowly to room temperature to yield the product as a crop of fine yellow needles, 
which were isolated by filtration, washed with hexane and dried in vacuo. Yield 
1.98 g, 81% w.r.t. dibenzoylmethane. m.p. 207-209 °C. Elemental analysis: 
Calcd for C36H36N2O2 : C, 81.79; H, 6 .8 6 ; N, 5.30%. Found: C, 81.00; H, 6.81; N, 
5.22%. 'H-NMR (300 MHz, d^-DMSO): 8  2.11 (12H, s, IMes-H ortho-CH^), 
2.32 (6 H, s, IMes-H para-CH^), 5.95 (1H, br s, dibenzoylmethane Ph-C(0)-C//- 
(O)C-Ph), 7.15 (4H, s, IMes-H meta-H), 7.18-7.34 (6 H, m, dibenzoylmethane 
C(arom)fi), 7.58-7.76 (4H, m, dibenzoylmethane C(ar0m)S)> 8.25 (2H, s, IMes-H 
C(4/5)H), 10.14 (1H, s, IMes-H C(2)H). 13C-NMR (100 MHz, d,s-DMSO): 8  17.0 
(IMes-H ortho-CH^), 20.7 (IMes-H para-CR^), 90.0 (dibenzoylmethane Ph-C(O)- 
CH-(O)C-Ph), 124.4 (IMes-H C(4/5)H), 126.3 (dibenzoylmethane C(arom)H), 127.1 
(dibenzoylmethane C(arom)H), 127.8 (dibenzoylmethane C(ar0m)H), 129.0 (IMes-H 
meta-C(arom)H), 130.9 (IMes-H ipso-C(arQm)), 134.1 (IMes-H para-C(aTom)), 139.3 
(IMes-H C(2)H), 140.1 (IMes-H ortho-C(awm)), 144.9 (dibenzoylmethane ipso- 
C(arom)).
Preparation of [IMes-H][OC6H2(C6 H4 )-C6(C6H4 )H2OH] 
(13)
Binaphthol (1.22 g, 4.3 mmol) and IMes (1.31 g, 4.3 mmol) were gently warmed 
into tetrahydrofuran (60 mL). The resulting yellow solution was heated to reflux, 
filtered and allowed to cool slowly to room temperature. The product crystallised 
as a crop of fine yellow needles, which were isolated by filtration, washed with 
hexane and subsequently dried in vacuo. Yield 2.35 g, 93% w.r.t. IMes. m.p. 
240-242 °C. Elemental analysis: Calcd for C41H38N2O2 : C, 83.36; H, 6.48; N,
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4.74%. Found: C, 83.40; H, 6.48; N, 4.47%. 'H-NMR (300 MHz, d„-DMSO): 5
2.11 (12H, s, IMes-H ortho-CH}), 2.35 (6 H, s, IMes-H para-CH}), 6.80-7.05 (8 H, 
m, binaphthol C^om)#), 7.20 (4H, s, IMes-H meta-H), 7.45-7.70 (4H, m, 
binaphthol C(arom)tf), 8.27 (2H, s, IMes-H C(4/5)tf), 9.64 (1H, s, IMes-H C(2)fl). 
13C-NMR (100 MHz, d6-DMSO): 5 17.0 (IMes-H ortho-CH,), 20.7 (IMes-H 
para-CR?), 117.8 (binaphthol C(arom)), 119.2 (binaphthol C(arom)H), 123.5 
(binaphthol C(arom)H), 123.7 (binaphthol C(arom)H), 124.6 (IMes-H C(4/5)H), 125.5 
(binaphthol C(ar0m)H), 125.9 (binaphthol C(arom)), 127.0 (binaphthol C(arom)H),
127.4 (binaphthol C(ar0m)H), 129.1 (IMes-H meta-C^rom)H), 130.8 (IMes-H ipso- 
fiarom)), 134.1 (IMes-H para-C(&wmy), 134.2 (binaphthol C(arom)), 138.3 (IMes-H 
C(2)H), 140.3 (IMes-H ortho-C^om)), 162.1 (binaphthol C(ar0m)OH).
Preparation of [IMes-H][03SCF3] (14)
A suspension of silver(I) triflate (0.51 g, 2.0 mmol) and [IMes-H][Cl] (0.68 g, 2.0 
mmol) in dichloromethane (60 mL) was stirred at room temperature for 60 hours. 
After which time, the reaction mixture was heated to reflux and filtered through 
Celite. The solvent was removed and the solid residue dissolved in toluene (30 
mL). The toluene solution was heated to reflux and allowed to cool slowly to 
room temperature to yield the product as a crop of off-white needles, which were 
subsequently isolated by filtration, washed with hexane and dried in vacuo. Yield 
0.60 g, 6 6 % w.r.t. [IMes-H][Cl], m.p. 196-198 °C. Elemental analysis: Calcd for 
C22H25N2O3S1F3 : C, 58.14; H, 5.54; N, 6.16%. Found: C, 57.80; H, 5.50; N, 
6.18%. 'H-NMR (300 MHz, d6-DMSO): 5 2.12 (12H, s, IMes-H ortho-CH}),
2.35 (6 H, s, IMes-H para-CH3), 7.21 (4H, s, IMes-H meta-H), 8.28 (2H, s, IMes- 
H C(4/5)H), 9.64 (1H, s, IMes-H C(2)H). 13C-NMR (75.5 MHz, d^-DMSO): 5
16.9 (IMes-H ortho-CH-5), 20.7 (IMes-H para-CH}), 124.8 (IMes-H C(4/5)H),
129.4 (IMes-H meta-C(&Tom)H), 131.0 (IMes-H ipso-C^TOm)), 134.4 (IMes-H para- 
C(arom)), 138.5 (IMes-H C(2)H), 140.7 (IMes-H ortho-Ci&TOm)). 19F-NMR (376 
MHz, dtf-DMSO): 5 -78.24 (s, 0 3SCF3).
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Preparation of [IMes][HNPh2] (15)
Diphenylamine (0.17 g, 1.0 mmol) and IMes (0.30 g, 1.0 mmol) were dissolved in 
toluene (5 mL) by gentle warming. The solution was filtered and allowed to cool 
slowly to room temperature to yield the product as a crop of colourless needles 
suitable for x-ray diffraction. The product was isolated by filtration, washed with 
hexane and dried in vacuo. Yield 0.18 g, 38% w.r.t. IMes. m.p. 155-159 °C. 
Elemental analysis: Calcd for C33H35N3 : C, 83.68; H, 7.45; N, 8.87%. Found: C, 
82.60; H, 7.45; N, 8.71%. ‘H-NMR (400 MHz, d6-DMSO): 5 2.01 (12H, s, IMes 
ortho-CH^), 2.31 (6 H, s, IMes para-CH3), 6.77-6.82 (2H, tt, J./(h-h)=7.2 H z , V (H-h) 
= 1.2 Hz, HNPh2 para-H), 7.02 (4H, s, IMes meta-H), 7.03-7.08 (4H, dd, 3J(h-h)= 
8 . 8  Hz, V (H-h)=1.2 H z , HNPh2 ortho-H), 7.17-7.23 (4H, dd, 5J(h.h)=8.8 H z , 3J,h- 
h ) = 7.2 H z , HNPh2 meta-H), 7.38 (2H, s, IMes C(4/5)£). l3C-NMR (100 MHz, 
d«s-DMSO): 6  17.3 (IMes ortho-CHi), 20.7 (IMes para-CH,), 116.5 (HNPh2 
ortho-C<Mom)H), 119.4 (HNPh2 para-QMOmjH), 121.5 (IMes C(4/5)H), 128.4 (IMes 
me^-C(arom)H), 128.9 (HNPh2 meta-Ct^om)H), 134.3 (IMes ipso-C^om)), 136.7 
(IMespara-C(arom)), 137.2 (IMes ortho-C^om)), 143.2 (HNPh2 ipso-C(arom)).
Preparation of [(IMes)Cu(Mes)] (16)
A toluene (30 mL) solution of 2,4,6-trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) 
and IMes (0.30 g, 1.0 mmol) was heated to reflux, filtered through Celite and 
allowed to cool slowly to room temperature. The solution was then placed in a 
freezer at -20 °C to yield the product as a batch of colourless blocks suitable for 
study by x-ray diffraction, which were isolated by filtration, washed with hexane 
and dried in vacuo. Yield 0.15 g, 31% w.r.t. IMes. m.p. 126-140 °C. Elemental 
analysis: Calcd for C30H35N2CU1: C, 73.96; H, 7.24; N, 5.75%. Found: C, 73.10; 
H, 6 .8 8 ; N, 6.64%. ‘H-NMR (300 MHz, C6D6): 5 2.01 (12H, s, IMes ortho-CH}), 
2.12 (6 H, s, IMes para-CH}), 2.30 (6 H, s, CuMes ortho-CH3 ), 2.32 (3H, s, CuMes 
para-CH}), 6.02 (2 H, s, IMes C(4/5)//), 6.74 (4H, s, IMes meta-H), 6.95 (2H, s, 
CuMes meta-H). 13C-NMR (75.5 MHz, C6D6): 8  17.8 (IMes ortho-CHi), 21.0 
(IMes para-CH^), 21.7 (CuMes para-CRi), 28.3 (CuMes ortho-CHs), 121.1 
(IMes C(4/5)H), 124.6 (CuMes meta-C^om)H), 129.4 (IMes meta-C(ar0m)H), 132.8 
(CuMes ortho-C^om)), 135.1 (IMes para-C(arom)), 136.2 (IMes ipso-C(arom)), 139.1
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(IMes ortho-Qiar0m))> 147.2 (CuMes para-C(arom)), 164.0 (CuMes ipso-C(awm)). MS 
(FAB): m/z 671.4 (78%, IMes-Cu-IMes*), 486.2 (M+), 367.2 (100%, IMes-Cu*),
303.3 (76%, IMes*).
Preparation of [(IMes)Cu(CI)] (17)
A suspension of [IMes-H][Cl] (0.34 g, 1.0 mmol) and 2,4,6-trimethylphenyl- 
copper(I) (0.18 g, 1.0 mmol) in toluene (30 mL) was heated to reflux, filtered 
through Celite and allowed to cool slowly to room temperature. The solution was 
then placed in a fridge at 5 °C to yield the product as a batch of colourless blocks 
suitable for x-ray diffraction, which were subsequently isolated by filtration, 
washed with hexane and dried in vacuo. Yield 0.18 g, 45% w.r.t. [IMes-H][Cl], 
m.p. 277-278 °C. Elemental analysis: Calcd for C21H24N2CI1Q 11: C, 62.52; H, 
6.00; N, 6.94%. Found: C, 61.70; H, 5.97; N, 6.85%. ‘H-NMR (300 MHz, 
CDC13): 5 2.10 (12H, s, IMes ortho-CH,), 2.34 (6 H, s, IMespara-Cfh), 6.99 (4H, 
s, IMes meta-H), 7.05 (2H, s, IMes C(4 /5 )/7 ). 13C-NMR (100 MHz, CDCI3): 6
18.0 (IMes ortho-CHi), 21.4 (IMes para-CH,), 122.2 (IMes C(4/5)H), 129.4 
(IMes weta-C(arom)H), 134.5 (IMes para-C(arom)), 135.0 (IMes ipso-C(arom)), 139.4 
(IMes 0 rt/w-C(arom)), 178.8 (IMes C(2)). MS (FAB): m/z 671.4 (100%, IMes-Cu- 
IMes*), 367.2 (15%, IMes-Cu*), 303.3 (14%, IMes*).
Preparation of [(IMes)Cu(OMes)] (18)
[IMes-H][OMes][HOMes] (0.29 g, 0.5 mmol), IMes (0.15 g, 0.5 mmol) and 2,4,6- 
trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) were dissolved in toluene (30 mL). 
The resulting solution was heated to reflux, filtered through Celite and allowed to 
cool slowly to room temperature, at which point the solution was placed in a 
fridge at 5 °C. The product subsequently crystallised as a crop of pink needles 
suitable for x-ray diffraction, which were isolated by filtration, washed with 
hexane and dried in vacuo. Yield 0.10 g, 20% w.r.t. [IMes-H][OMes][HOMes]. 
m.p. 163-167 °C. Elemental analysis: Calcd for C30H35N2O 1Q 11: C, 71.61; H, 
7.01; N, 5.57%. Found: C, 67.20; H, 6.49; N, 4.73%. 'H-NMR (400 MHz, 
C6D6): 8  1.88 (12H, s, IMes ortho-CHi), 2.10 (6 H, s, IMes para-Cfh,), 2.28 (6 H, 
s, MesOH ortho-CH3), 2.38 (3H, s, MesOH para-CH/), 5.93 (2H, s, IMes
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C(4/5)tf), 6.65 (4H, s, IMes meta-H), 6.96 (2H, s, MesOH meta-H). 13C-NMR 
(100 MHz, C6D6): 5 17.9 (IMes ortho-CH3), 19.6 (MesOH ort/*o-CH3), 21.3 
(IMes para-CH^), 21.4 (MesOH para-O h), 121.5 (IMes C(4/5)H), 124.9 
(MesOH para-C(arom)), 129.0 (MesOH meta-C(ar0m)H), 129.6 (IMes meta-C(aTOTn)li),
134.7 (IMespara-C^ om)), 135.7 (IMes ipso-C^rom)), 139.2 (IMes ortho-C^arom))-
Preparation of [(IMes)Cu(OMes)][HOMes] (19)
A toluene (10 mL) solution of [IMes-H][OMes][HOMes] (0.58 g, 1.0 mmol) and
2.4.6-trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) was heated to reflux, filtered 
through Celite and allowed to cool slowly to room temperature. The solution was 
then placed in a fridge at 5 °C. The product crystallised as a batch of red blocks 
suitable for x-ray diffraction, which were isolated by filtration, washed with 
hexane and dried in vacuo. Yield 0.46 g, 72% w.r.t. [IMes-H][OMes][HOMes]. 
m.p. 159-161 °C. Elemental analysis: Calcd for C39H47N2O2Q 11; C, 73.27; H, 
7.41; N, 4.38%. Found: C, 71.20; H, 6.94; N, 3.98%. 'H-NMR (400 MHz, 
C6D6): 5 1.87 (12H, s, IMes ortho-CH3), 2.12 (6 H, s, IMes para-CH,), 2.17 (12H, 
s, MesOH ortho-CHi), 2.27 (6 H, s, MesOH para-CH3 ), 5.93 (2H, s, IMes 
C(4/5)H), 6.37 (1H, br s, MesOH OH), 6 . 6 6  (4H, s, IMes meta-H), 6.80 (2H, s, 
MesOH meta-H). 13C-NMR (100 MHz, C6D6): 5 17.9 (IMes ortho-CH,), 18.1 
(MesOH ortho-CH.3), 21.2 (MesOH para-Q&i), 21.4 (IMes para-CHi), 121.5 
(IMes C(4/5)H), 124.7 (MesOH para-C(arom)), 129.2 (MesOH meta-C^o^H),
129.6 (IMes meta-C(amm)R), 134.8 (IMes para-C^ om)), 135.7 (IMes ipso-C(arom)),
139.2 (IMes ortho-C(mm)). MS (FAB): m/z 671.3 (26%, IMes-Cu-IMes3), 367.2 
(27%, IMes-Cu3), 303.3 (23%, IMes3).
Preparation of [(IMes)Cu(OC6 tBu2H2CH3 )] (20)
A toluene (60 mL) solution of [IMes-H][OQ'BujHjCHs] (0.52 g, 1.0 mmol) and
2.4.6-trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) was heated to reflux, filtered 
through Celite and allowed to cool slowly to room temperature. The solution was 
then placed in a fridge at 5 °C to yield the product as a crop of yellow needles 
suitable for x-ray diffraction, which were isolated by filtration, washed with 
hexane and dried in vacuo. Yield 0.42 g, 71% w.r.t. [IMes-H][OC6tBu2H2CH3].
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m.p. 211-215 °C (dec). Elemental analysis: Calcd for C36H47N2O1CU1: C, 73.62; 
H, 8.07; N, 4.77%. Found: C, 73.50; H, 8.03; N, 4.74%. ‘H-NMR (400 MHz, 
C6D6): 6  1.59 (18H, s, BHT C(CH,h), 1.92 (1 2 H, s, IMes ortho-CH3), 2.13 (6 H, 
s, IMes para-CH*), 2.44 (3H, s, BHT para-CH;), 5.95 (2H, s, IMes C(4/5)tf), 
6.72 (4H, s, IMes meta-H), 7.20 (2H, s, BHT meta-H). 13C-NMR (100 MHz, 
C6D6): 8  17.9 (IMes ortho-CH}), 21.3 (IMes para-CH,), 22.2 (BHT para-CH,),
31.4 (BHT C(CH3)3), 35.7 (BHT C(CH3)3), 120.4 (BHT para-Cbmm)), 121.6 
(IMes C(4/5)H), 125.4 (BHT mefa-C(arom)H), 129.6 (IMes meta-C(arom)H), 134.8 
(IMes para-C(momj), 135.7 (IMes !/>.vo-C(ar0m|), 137.8 (BHT ortho-C^m)), 139.4 
(IMes ortho-C^om)), 164.1 (BHT ipso-C^rom)). MS (FAB): m/z 671.3 (100%, 
IMes-Cu-IMes4), 520.2 (6 %, M+), 367.2 (30%, IMes-Cu4), 303.3 (20%, IMes4).
Preparation of [(IMes)Cu(NPh2)] (21)
A toluene (30 mL) solution of [IMes][HNPh2] (0.47 g, 1.0 mmol) and 2,4,6- 
trimethylphenyl-copper(I) (0.18 g, 1 . 0  mmol) was heated to reflux and filtered 
through Celite. The solution was allowed to cool to room temperature and placed 
in a fridge at 5 °C. The product crystallised as a batch of light brown coloured 
blocks suitable for x-ray diffraction, and was subsequently isolated by filtration, 
washed with hexane and dried in vacuo. Yield 0.36 g, 67% w.r.t. [IMes][HNPh2]. 
m.p. 243-246 °C (dec). Elemental analysis: Calcd for C33H34N3Q 11: C, 73.92; H, 
6.39; N, 7.84%. Found: C, 73.10; H, 6.32; N, 7.99%. 'H-NMR (400 MHz, 
CD3OD): 8  1.73* and 2.14* (12H, s, IMes-OH and IMes-H ortho-CH}), 2.35* and 
2.44* (6 H, s, IMes-H and IMes-OH para-CH,), 6.76-6.86$ (2H, tt, V(h-h) = 7.2 
Hz, V(h-h)= 1 -2 Hz, HNPh2 para-H), 6.98* and 7.07* (4H, s, IMes-OH and IMes- 
H meta-H), 7.02-7.06$ (4H, dd, j/ (H-h)=8.4 H z , */(h-h)=T2 Hz, HNPh2 ortho-H),
7.12-7.21* (4H, dd, 3-/(H-h) = 8.4 H z , 3J(H-h) = 7.2 Hz, HNPh2 meta-H), 7.28* and 
7.40* (2H, s, IMes-OH and IMes-H C(4/5)fi). UC-NMR (100 MHz, CD3OD): 8  
17.5* and 18.0* (IMes-OH and IMes-H ortho-CH,), 21.2* and 21.3* (IMes-H and 
IMes-OH para-CH,), 118.1* (HNPh2 ort/!o-C(an,m)H), 120.9* (HNPh2 para- 
C(arom)H), 124.1* and 124.2* (IMes-OH and IMes-H C(4/5)H), 129.9* (HNPh2 
meta-Cpaom)H), 130.1 */# (IMes-OH and IMes-H meta-C(ir0m,H), 135.6*/# (IMes- 
OH and IMes-H para-Q,arom)), 135.8*/# (IMes-OH and IMes-H ipso-C^mm) ,  
136.0* and 136.7* (IMes-OH and IMes-H C(2)), 140.6*/# (Mes-OH and IMes-H
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ort/zo-C(arom))> 145.0$ (HNPh2 ipso-C(arom)). *[IMes-OH]+, #[IMes-H]+, $[HNPh2]. 
MS (FAB): m/z 671.3 (100%, IMes-Cu-IMes+), 367.2 (46%, IMes-Cu'"), 303.3 
(27%, IMes4).
Preparation of [(IMes)2Cu][PF6] (22)
A suspension of [Cu(NCCH3)4][PF6] (0.37 g, 1.0 mmol) and IMes (0.61 g, 2.0 
mmol) in toluene (60 mL) was heated to reflux and taken into solution with the 
addition of acetonitrile (40 mL). The solution was filtered through Celite, allowed 
to cool slowly to room temperature and subsequently placed in a fridge at 5 °C. 
The product precipitated as a white microcrystalline solid, which was isolated by 
filtration, washed with hexane and dried in vacuo. Yield 0.46 g, 56% w.r.t. IMes. 
m.p. 349-355 °C. Elemental analysis: Calcd for C42H48N4P1F6Q 11: C, 61.72; H, 
5.92; N, 6.85%. Found: C, 61.30; H, 5.86; N, 7.04%. 'H-NMR (300 MHz, 
CD3CN): 5 1.67 (24H, s, IMes ortho-CH}), 2.41 (12H, s, IMes para-CH3), 6.97 
(8 H, s, IMes meta-H), 7.15 (4H, s, IMes C(4/5)tf). I3C-NMR (75.5 MHz, 
CD3CN): 8  17.2 (IMes ortho-CH}), 21.1 (IMes para-CH^), 123.7 (IMes C(4/5)H),
129.9 (IMes meta-C^rom)H), 135.5 (IMes para-C^Tom)), 135.7 (IMes ipso-C(arom))>
140.3 (IMes ortho-C^rom)), 178.4 (IMes C(2)). 31P-NMR (122 MHz, CD3CN): 8  
-126.0—160.9 (sept, ' j (p.F) = 700 Hz, PF6). I9F-NMR (376 MHz, CD3CN): 8  
-72.50—74.36 (d, Ojr-p) = 700 Hz, PF&). Colourless blocks suitable for x-ray 
diffraction study were obtained by recrystallisation from toluene.
Preparation of [(IMes^CuHOzCCh^HHChCCHs] (23)
A stirred suspension of copper(II) acetate (0.36 g, 2.0 mmol) in tetrahydrofuran 
(40 mL) was maintained at -78 °C while a warm tetrahydrofuran (40 mL) solution 
of [IMes-H][OMes][HOMes] (1.16 g, 2.0 mmol) and IMes (0.61 g, 2.0 mmol) 
was added via cannula. The reaction mixture was subsequently allowed to warm 
to room temperature and stirred for 60 hours, during which time a colour change 
from blue-green, through yellow, to deep red was observed. The reaction mixture 
was heated to reflux for 2 hours, filtered through Celite and subsequently allowed 
to cool slowly to room temperature. The resulting solution was concentrated with 
the removal of solvent under reduced pressure. The product crystallised as a
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batch of large colourless blocks suitable for study by x-ray diffraction, which 
were isolated from the supernatant solution by filtration, washed with toluene and 
dried in vacuo. The solvent was removed from the filtrate and the solid residue 
dissolved in toluene (20 mL). The solution was heated to reflux and allowed to 
cool slowly to room temperature before being cooled to 5 °C to yield a second 
batch of colourless blocks, which were isolated by filtration, washed with hexane 
and dried in vacuo. Combined yield 0.99 g, 63% w.r.t. copper(II) acetate, m.p. 
192-196 °C. Elemental analysis: Calcd for C46H55N4O4Q 11: C, 69.80; H, 7.00; N, 
7.08%. Found: C, 69.80; H, 6.97; N, 7.11%. ‘H-NMR (300 MHz, CD2C12): 5 
1.68 (24H, s, IMes ortho-CH-s), 1.85 (6 H, s, C//3C 0 2H), 2.42 (12H, s, IMes para- 
Cih), 6.92 (8 H, s, IMes meta-H), 7.04 (4H, s, IMes C(4/5)77), 16.08 (1H, br s, 
CH3CO2S). 13C-NMR (75.5 MHz, CD2C12): 5 17.1 (IMes ortho-CHi), 21.3 (IMes 
para-CH,), 23.4 (CH3C 0 2H), 123.0 (IMes C(4/5)H), 129.4 (IMes meta-Chrom)H),
134.8 (IMes para-C^r0m)), 134.9 (IMes ipso-C^arom)), 139.8 (IMes ortho-C^arom)),
175.3 (CH3 C02H), 177.9 (IMes C(2)). MS (FAB): m/z 671.2 (100%, IMes-Cu- 
IMes4), 365.1 (19%, IMes-Cu4), 303.2 (17%, IMes4).
Preparation of [(IMes)2Cu][OMes][HOMes] (24)
[IMes-H][OMes][HOMes] (0.58 g, 1.0 mmol), IMes (0.30 g, 1.0 mmol) and 2,4,6- 
trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) were dissolved in toluene (30 mL). 
The resulting red solution was heated to reflux, filtered through Celite, allowed to 
cool slowly to room temperature and then placed in a fridge at 5 °C. The product 
crystallised as a batch of colourless blocks suitable for study by x-ray diffraction, 
which were isolated by filtration, washed with hexane and dried in vacuo. Yield 
0.41 g, 44% w.r.t. [IMes-H][OMes][HOMes]. m.p. 129-135 °C (dec). Elemental 
analysis: Calcd for C60H71N4O2CU1: C, 76.36; H, 7.58; N, 5.94%. Found: C, 
75.10; H, 6.98; N, 5.72%. !H-NMR (400 MHz, CD3CN): 5 1.67 (24H, s, IMes 
ortho-CHi), 2.05 (12H, s, MesOH ortho-CHi), 2.09 (6 H, s, MesOH para-C H ,]. 
2.41 (12H, s, IMes para-CH ,), 6.07 (1H, br s, MesOH OH), 6.55 (4H, s, MesOH 
meta-H), 6.96 (8 H, s, IMes meta-H), 7.13 (4H, s, IMes C(4/5)fl). 13C-NMR (100 
MHz, CD3CN): 5 17.5 (IMes ortho-CHi), 18.2 (MesOH ortho-CHi), 20.9 
(MesOH para-CR?), 21.5 (IMes para-CH?,), 122.4 (MesOH ortho-C^om)), 123.8 
(IMes C(4/5)H), 126.1 (MesOH para-C ^om)), 129.0 (MesOH mefa-C(ar0m)H),
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129.9 (IMes meta-C(aro m ) H ) ,  135.5 (IMes para-C^vom)), 135.7 (IMes ipso-C(arom)),
140.3 (IMes ortho-C(aTom)), 178.3 (IMes C(2)).
Preparation of [(IMes)2Cu][02CC6H5][H02CC6H5] (25)
A toluene (30 mL) solution of [rMes-H][0 2 CC6H5] (0.85 g, 2.0 mmol) and 2,4,6- 
trimethylphenyl-copper(I) (0.18 g, 1 .0  mmol) was heated to reflux, immediately 
filtered through Celite, and then allowed to cool slowly to room temperature. The 
solution was placed in a fridge at 5 °C and the product crystallised as a crop of 
light brown coloured needles suitable for study by x-ray diffraction, which were 
subsequently isolated by filtration, washed with hexane and dried in vacuo. Yield 
0.44 g, 48% w.r.t. [IMes-HJfOiCCeHs]. m.p. 169-170 °C. Elemental analysis: 
Calcd for C s e ^ N ^ C u ] : C, 73.46; H, 6.50; N, 6.12%. Found: C, 66.90; H, 
6.10; N, 5.22%. ‘H-NMR (300 MHz, CD3CN): 8  1.66 (24H, s, IMes ortho-CHi), 
2.40 (12H, s, IMes para-CH0 , 6.96 (8 H, s, IMes meta-H), 7.15 (4H, s, IMes 
C(4/5)/f), 7.25-7.47 (6 H, br m, benzoic acid C(arom)^)J 7.86-8.08 (4H, br m, 
benzoic acid C(arom)fl). 13C-NMR (75.5 MHz, CD3CN): 8  17.2 (IMes ortho-CH3),
21.2 (IMes para-CHi), 123.7 (IMes C(4/5)H), 128.7 (benzoic acid C(ar0m)H),
129.9 (IMes meta-C(aTOm)YL), 130.5 (benzoic acid C(arom)H), 131.1 (benzoic acid 
C(arom>H), 135.5 (IMes para-C(arom)), 135.7 (IMes ipso-C(aTOm)), 140.3 (IMes ortho-
C ( arom ))-
Preparation of [(IMes)2Cu]2[(0(0)C6H4)2Cu] [(O(HO) 
C6H4)]2 (26)
A toluene (20 mL) solution of [IMes-H][0 (H0 )C6H4] (0.41 g, 1.0 mmol) and
2,4,6-trimethylphenyl-copper(I) (0.18 g, 1.0 mmol) was heated to reflux, filtered 
through Celite and allowed to cool slowly to room temperature. The solution was 
placed in a fridge at 5 °C, and the product subsequently crystallised as a batch of 
green blocks suitable for study by x-ray diffraction, which were isolated by 
filtration, washed with hexane and dried in vacuo. Yield 0.10 g, 22% w.r.t. 
[IMes-H][0(H0)C6H4]. m.p. 190-195 °C (dec). Elemental analysis: Calcd for 
C io 8 H i14N 80 8C u 3: C, 70.39; H, 6.24; N, 6.08%. Found: C, 68.60; H , 6.40; N ,
169
5.59%. 'H-NMR (400 MHz, CD3CN): 5 1.68 (48H, s, IMes ortho-CH}), 2.41 
(24H, s, IMes para-CH3), 6.45-6.52 (4H, m, catechol C(ar0m)fi), 6.52-6.59 (4H, m, 
catechol C(arom)#)> 6.96 (16H, s, IMes meta-H), 7.15 (8 H, s, IMes C(4/5)H). 13C- 
NMR (75.5 MHz, CD3CN): 6  17.2 (IMes ortho-CH/), 21.1 (IMes para-CH,3),
110.7 (catechol C(ar0m)H), 123.7 (IMes C(4/5)H), 129.9 (IMes meta-C^ X0m)H),
135.5 (IMes para-C(arom)), 135.7 (IMes ipso-C^rom)), 140.3 (IMes ortho-C^TOm)),
151.7 (catechol C(arom)OH), 178.4 (IMes C(2)). MS (FAB): m/z 671.4 (100%, 
IMes-Cu-IMes*), 367.2 (16%, IMes-Cu+), 303.3 (14%, IMes4).
Preparation of [(IMes)Zn(OMes)(CH3)] (27)
A suspension of [IMes-H][OMes][HOMes] (0.29 g, 0.5 mmol) and IMes (0.15 g, 
0.5 mmol) in toluene (20 mL) was maintained at -78 °C over the course of the 
dropwise addition of a 2M toluene solution of dimethylzinc (0.5 mL, 1.0 mmol). 
The reaction mixture was allowed to warm to room temperature, heated to reflux 
and filtered. The hot filtrate was subsequently allowed to cool slowly to room 
temperature and placed in a fridge at 5 °C for 1 hour before being transferred to a 
freezer at -20 °C. The product crystallised as a batch of yellow blocks suitable for 
study by x-ray diffraction, which were isolated by filtration, washed with hexane 
and dried in vacuo. Yield 0.30 g, 57% w.r.t. [IMes-H][OMes][HOMes]. m.p. 
154-158 °C. Elemental analysis: Calcd for Cai^gNzOiZm: C, 71.60; H, 7.37; N, 
5.39%. Found: C, 71.40; H, 7.38; N, 5.41%. 'H-NMR (400 MHz, C6D6): 5 -0.70 
(3H, s, Zn-C/A). 2.05 (12H, s, IMes ortho-CH3), 2.08 (6 H, s, IMes para-CH3),
2.11 (6 H, s, MesOH ortho-CH^), 2.36 (3H, s, MesOH para-CH5), 5.99 (2H, s, 
IMes C(4 /5 )//), 6.71 (4H, s, IMes meta-H), 6.97 (2H, s, MesOH meta-H). 13C- 
NMR (75.5 MHz, C6D6): 5 -13.5 (Zn-CH3), 17.5 (IMes ortho-Ctt}), 18.1 (MesOH 
ortho-CH3), 21.0 (IMes para-CH3), 21.1 (MesOH para-CH3), 121.4 (MesOH 
ortho-C^Tom)), 122.0 (IMes C(4/5)H), 125.2 (MesOHpara-C^T0m)), 128.9 (MesOH 
meta-C^rom)H), 129.5 (IMes meta-C(arom)H), 134.8 (IMes ipso-C(arom)), 135.5 
(IMespara-C(&Tom)), 139.8 (IMes ortho-Cj^rom)), 163.2 (MesOH ipso-C(arom)), 181.7 
(IMes C(2)). MS (FAB): m/z 520.2 (8 %, M+), 385.2 (10%, IMes-Zn-CH3+), 369.2 
(34%, IMes-Zn+), 305.3 (100%, IMes-H^.
170
Preparation of [(IMes)Zn(OMes)2] (28)
A stirred suspension of [IMes-H][OMes][HOMes] (1.16 g, 2.0 mmol) in toluene 
(80 mL) was maintained at -78 °C while a 2M toluene solution of dimethylzinc 
(1.0 mL, 2.0 mmol) was added dropwise. The reaction mixture was subsequently 
allowed to warm to room temperature, heated to reflux and the resulting solution 
filtered. The hot yellow filtrate was allowed to cool slowly to room temperature, 
placed in a fridge at 5 °C for 1 hour and then transferred to a freezer at -20 °C. 
The product precipitated as an off-white microcrystalline solid and was isolated 
by filtration, washed with hexane and dried in vacuo. Yield 0.83 g, 65% w.r.t. 
[IMes-H][OMes][HOMes]. m.p. 252-254 °C. Elemental analysis: Calcd for 
C s^N zO zZ n ,: C, 73.17; H, 7.24; N, 4.38%. Found: C, 73.40; H, 7.27; N, 
4.52%. 'H-NMR (300 MHz, CD2C12): 5 1.66 (12H, s, MesOH ortho-CHi), 2.02 
(12H, s, IMes ortho-Cfh), 2.10 (6 H, s, MesOH para-CIh), 2.40 (6 H, s, IMes 
para-CH^), 6.52 (4H, s, MesOH meta-H), 7.02 (4H, s, IMes meta-H), 7.22 (2H, s, 
IMes C(4/5)£). 13C-NMR (75.5 MHz, CD2C12): 5 17.0 (MesOH ortho-Odi), 17.4 
(IMes ortho-CHi), 20.5 (MesOH para-CHi), 21.3 (IMes para-CH.3), 123.4 
(MesOH ortho-C^rom)), 124.1 (IMes C(4/5)H), 125.5 (MesOHpara-C^om)), 128.3 
(MesOH meta-C(arom)H), 129.9 (IMes meta-C^xom)Yi), 134.1 (IMes ipso-Cj^rom)),
135.7 (IMes para-C^rom)), 140.9 (IMes ortho-C(arom)), 160.3 (MesOH ipso-C^0m)),
172.5 (IMes C(2)). MS (FAB): m/z 638.3 (M4), 504.3 (1%, IMes-Zn-OMes4),
369.2 (58%, IMes-Zn4), 305.3 (100%, IMes-H4). An attempt to obtain crystals of 
[(IMes)Zn(OMes)2] suitable for x-ray diffraction study resulted instead in the 
preparation of [(IMes)Zn(OMes)2(thf)]. A 2M toluene solution of dimethylzinc 
(0.6 mL, 1.2 mmol) was added dropwise at -78 °C to a suspension of [IMes- 
H][OMes][HOMes] (0.71 g, 1.2 mmol) in toluene (40 mL). The reaction mixture 
was subsequently allowed to warm to room temperature, heated to reflux and the 
suspended solid taken into solution with the addition of tetrahydrofuran (10 mL). 
The resulting yellow solution was filtered, and the hot filtrate allowed to cool 
slowly to room temperature before being placed in a fridge at 5 °C. Colourless 
blocks of [(IMes)Zn(OMes)2(thf)] formed on standing at -20 °C.
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Preparation of [Zn(OMes)3][IMes-H] (29)
A suspension of [(IMes)Zn(OMes)2] (0.64 g, 1.0 mmol) in toluene (40 mL) was 
maintained at -78 °C while a toluene (20 mL) solution of 2,4,6-trimethylphenol 
(0.14 g, 1.0 mmol) was added via cannula. The reaction mixture was allowed to 
warm to room temperature and stirred for 60 hours, before being heated to reflux 
for a further 2 hours. After cooling slowly to room temperature, the reaction 
mixture was transferred to a freezer at -20 °C. The product, an off-white coloured 
solid, was isolated by filtration, washed with hexane and dried in vacuo. Yield 
0.64 g, 82% w.r.t. [(IMes)Zn(OMes)2]. m.p. 206-212 °C (dec). Elemental 
analysis: Calcd for C48Hs8N2 0 3 Zni: C, 74.26; H, 7.53; N, 3.61%. Found: C, 
69.90; H, 7.00; N, 4.19%. 'H-NMR (400 MHz, CD3OD): 5 2.14 (18H, s, IMes-H 
-CIh ), 2.18 (18H, s, MesOH ortho-Cfh), 2.40 (9H, s, MesOH para-CH}), 6.65 
(4H, s, IMes-H meta-H), 7.18 (6 H, s, MesOH meta-H). I3C-NMR (100 MHz, 
CDjOD): 6  17.1 (IMes-H ortho-CH^), 17.5 (MesOH ortho-m i), 20.7 (IMes-H 
para-CH^), 21.2 (MesOHpara-CR3), 125.6 (IMes-Hpara-C^om)), 127.9 (IMes-H 
ortho-C(awm)), 129.5 (IMes-H meta-C(&Tom)H), 130.2 (IMes-H C(4/5)H), 130.7 
(MesOH rne/a-C(arom)H), 132.0 (MesOH ipso-C^om)), 135.4 (MesOH para- 
C(arom)), 139.3 (IMes-H C(2)H), 142.7 (MesOH ortho-C^rom)), 153.8 (IMes-H 
ipso-C^arom)). Colourless blocks suitable for study by x-ray diffraction were 
obtained from the reaction of [(IMes)Zn(OMes)2] with propylene carbonate. 
Propylene carbonate (0.08 mL, 1.0 mmol) was added to a suspension of 
[(IMes)Zn(OMes)2] (0.64 g, 1.0 mmol) in toluene (30 mL) and the suspended 
solid gently warmed into solution. The resulting solution was filtered, allowed to 
cool slowly to room temperature and transferred to a freezer at -20 °C to yield 
[Zn(OMes)3] [IMes-H] as the only crystalline product.
Preparation of [(IMes)Zn(OC6tBu2 H2CH3 )(CH3 )] (30)
A suspension of [IM es-H ][O C ^B ^^C ^] (0.52 g, 1.0 mmol) in toluene (30 mL) 
was maintained at -78 °C while a 2M toluene solution of dimethylzinc (0.5 mL,
1.0 mmol) was added dropwise. The reaction mixture was allowed to warm to 
room temperature, and the resulting solution heated to reflux and filtered. The hot 
filtrate was allowed to cool slowly to room temperature and subsequently placed
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in a fridge at 5 °C to yield the product as a batch of yellow blocks suitable for 
study by x-ray diffraction. The product was isolated by filtration, washed with 
hexane and dried in vacuo. Yield 0.35 g, 58% w.r.t. [IMes-H] [OC6lBu2H2CH3]. 
m.p. 237-241 °C. Elemental analysis: Calcd for C37H5oN20iZni: C, 73.55; H, 
8.34; N, 4.64%. Found: C, 73.90; H, 8.28; N, 4.63%. ‘H-NMR (400 MHz, 
C6D6): 6 -0.78 (3H, s, Zn-CTTj), 1.43 (18H, s, BHT C(CH})3), 2.04 (12H, s, IMes 
ortho-CH3), 2.13 (6 H, s, IMes para-CH}), 2.42 (3H, s, BHT para-CH}), 5.98 (2H, 
s, IMes C(4/5)fi), 6.74 (4H, s, IMes meta-H), 7.19 (2H, s, BHT meta-H). I3C- 
NMR (100 MHz, C6D6): 8  -11.1 (Zn-CH3), 17.9 (IMes ortho-CH}), 21.3 (IMes 
para-CH}), 22.2 (BHT para-CH}), 31.9 (BHT C(CH3)3), 35.3 (BHT C(CH3)3),
121.1 (BHT para-C{„om),  122.6 (IMes C(4/5)H), 125.3 (BHT rneto-C(arom)H),
129.9 (IMes meta-C^om)H), 135.0 (IMes ipso-C^ om)), 135.2 (IMes para-C(aTom)),
138.3 (BHT ortho-Q[arom)), 139.9 (IMes ortho-C(&Tom)), 165.9 (BHT ipso-Quom)),
180.3 (IMes C(2)). MS (FAB): m/z 385.2 (18%, IM e s-Z n -O ^ , 369.2 (50%, 
IMes-Zn+), 305.3 (100%, IMes-H+).
Preparation of [(IMes)Zn(NPh2)(CH3)] (31)
A solution of[M es][HNPh2] (0.47 g, 1.0 mmol) in toluene (30 mL) was cooled to 
-78 °C and a 2M toluene solution of dimethylzinc (0.5 mL, 1.0 mmol) added in a 
dropwise fashion. The reaction mixture was subsequently allowed to warm to 
room temperature, heated to reflux and filtered. The hot filtrate was allowed to 
cool slowly to room temperature and placed in a fridge at 5 °C to yield the product 
as a batch of light brown blocks suitable for x-ray diffraction, which were isolated 
by filtration, washed with hexane and dried in vacuo. Yield 0.05 g, 9% w.r.t. 
[IMes][HNPh2]. m.p. 200-216 °C (dec). Elemental analysis: Calcd for 
C s ^ T ^ Z n !: C, 73.84; H, 6.74; N, 7.60%. Found: C, 60.20; H, 5.78; N, 6.02%. 
‘H-NMR (400 MHz, CD3OD): 8  2.18 (12H, s, IMes-H ortho-CH}), 2.39 (6 H, s, 
IMes-H para-CH}), 6.76-6.84 (2H, tt, V(H-H) = 7.6 Hz, 47(H-H)= 1.2 Hz, HNPh2 
para-H), 7.01-7.08 (4H, dd, V(H-h) = 8.4 Hz, V (H-h ) =  12 Hz, HNPh2 ortho-H),
7.13-7.23 (4H, dd, Jy(H-H)=8.4 Hz, 3J(H.a) = 7.6 Hz, HNPh2 meta-H), 7.18 (4H, s, 
IMes-H meta-H). 13C-NMR (75.5 MHz, CD3OD): 8  17.4 (IMes-H ortho-CH}),
21.2 (IMes-H para-CH3), 118.3 (HNPh2 ortho-C^rom)H), 121.1 (HNPI12 para-
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Q(arom)H), 130.1 (HNPI12 meta-C(arom)H), 130.9 (IMes-H meta-C(&wm)H.), 132.3 
(IMes-H ipso-C(arom)), 136.6 (IMes-H /?tfra-C(arom)), 139.6 (IMes-H C(2)), 143.0 
(IMes-H ortho-Cfaom)), 145.3 (HNPh2 ipso-C(&TOm)). MS (FAB): m/z 536.3 (6%, 
IMes-Zn-NPh2+), 385.2 (8%, IMes-Zn-CH3+), 369.2 (19%, IMes-Zn+), 305.3  
(100%, IMes-H4).
General e-Caprolactone Polymerisation Procedure1'1
A stirred toluene (30 mL) solution of [(IMes)Zn(OMes)2] (0.08 g, 0.125 mmol) 
was maintained at the desired reaction temperature and anhydrous isopropanol 
initiator added via syringe as required. e-Caprolactone (2.6 mL, 25 mmol) was 
added after the prescribed activation period had elapsed, and the polymerisation 
allowed to proceed for the designated reaction time. The reaction was quenched 
with 0.35M aqueous acetic acid (50 mL), and the polymer precipitated by addition 
of hexane. Following collection by filtration, the poly(caprolactone) produced 
was washed with water and hexane, and then dried. The polymer was analysed by 
!H-NMR (300 MHz, CDCI3) and Gel Permeation Chromatography (CHCI3).
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Crystal Data and Diffraction Experiment Details



















Completeness to theta = 27.48°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
1
C33 H36 N2 02
492.64 
150(2)K 
0.71073 A  
Monoclinic 
P2,/n
a = 9.43600(10) A  a=90°.
b = 18.7750(3) A p= 104.2830(10)°,
c =  16.1460(3) A  y = 90°.





0.30 x 0.25 x 0.08 mm3
3.58 to 27.48°.
-12<=h<= 12, -24<=k<=24, -20<=1<=20 
35886
6344 [R(int) = 0.0717]
99.7 %
None
0.9942 and 0.9784 
Full-matrix least-squares on F2 
6344 / 0 / 357 
1.027
R1 =0.0509, wR2 = 0.1293 
R1 =0.0754, wR2 = 0.1458 
0.0091(15)
0.387 and -0.259 e.A*3
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Completeness to theta = 26.60° 
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)J 
R indices (all data)
Extinction coefficient 








a= 8.159(2) A a=
b = 14.293(4) A P=






0.45 x 0.35 x 0.25 mm3
3.23 to 26.60°.
-9<=h<=9, -17<=k<=17, -33<=1<=33 
22785
6014 [R(int) = 0.0499]
91.8%
None
Full-matrix least-squares on F2
6014/0/536
1.059
R1 =0.0445, wR2 = 0.1025 
R1 =0.0572, wR2 = 0.1124 
0.0066(7)
0.336 and -0.363 e.A '3
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Crystal data and structure refinement for 3.
Identification code 3






Unit cell dimensions a = 8.7830(4) A  a= 75.042(3)°. 
b = 12.1050(6) A  p= 80.144(2)°. 
c= 17.0090(8) A  y = 76.121(2)°
Volume 1684.54(14) A3
Z 2
Density (calculated) 1.137 Mg/m3
Absorption coefficient 0.069 mm*1
F(000) 624
Crystal size 0 .2 0 x 0 .1 0 x 0 . 1 0  mm3
Theta range for data collection 3.76 to 27.49°.
Index ranges 0<=h<=l l, -14<=k<= 15, -21<=1<=22
Reflections collected 18796
Independent reflections 7598 [R(int) = 0.0865]
Completeness to theta = 27.49° 98.1 %
Absorption correction None
Max. and min. transmission 0.9931 and 0.9863
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7598/0/409
Goodness-of-fit on F2 0.993
Final R indices [I>2sigma(I)] R1 =0.0578, wR2 = 0.1375
R indices (all data) R1 =0.1167, wR2 = 0.1635
Extinction coefficient 0.007(2)
Largest diff. peak and hole 0.223 and -0.242 e.A*3



















Completeness to theta = 30.49° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Largest diff. peak and hole
4






a = 7.422(2) A  oc= 90°.
b = 26.875(8) A p= 114.838(4)°.
c = 8.567(3) A  y = 90°.
1550.9(8) A 3 
2
1.377 Mg/m3 
0.499 mm' 1 
668
0.6 x 0.3 x 0.05 mm3
1.52 to 30.49°.
-1 0 <=h<=1 0 , -36<=k<=36, -1 2 <=1 < = 1 2  
19171
8426 [R(int) = 0.0590]
92.4 %
Semi-empirical from equivalents
1.0000 and 0.6745 
Full-matrix least-squares on F2 
8426/1 /361 
1.099
R1 =0.0552, wR2 = 0.1253 
R1 =0.0701, wR2 = 0.1329 
0 .00(6)
0.720 and -0.493 e.A '3
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Completeness to theta = 27.48°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
5
C27 H30 N2 02
414.53 
150(2) K 
0.71073 A  
Monoclinic 
P2,/c
a= 11.1540(2) A a= 90°.
b = 13.9950(2) A  p= 106.1220(10)°




0.078 mm- 1 
888
0.38 x 0.32 x 0.25 mm3 
3.48 to 27.48°.
-14<=h<=14, -18<=k<=18, -18<=1<=19 
41102
5099 [R(int) = 0.0554]
99.4 %
None
0.9809 and 0.9711 
Full-matrix least-squares on F2 
5099/0/295
1.026
R1 =0.0410, wR2 = 0.0980 
R1 =0.0706, wR2 = 0.1114 
0.0128(14)
0.204 and -0.170 e.A '3
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Completeness to theta = 27.49° 
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)j 
R indices (all data)
Largest diff. peak and hole
8






a = 20.443(3) A a =
b = 6.9412(9) A P=






0.9 x 0.75 x 0.5 mm3
2.03 to 27.49°.
-26<=h<=23, -9<=k<=8, -25<=1<=25 
23906
6270 [R(int) = 0.0262]
99.8 %
None
Full-matrix least-squares on F2
6270/0 / 484
1.042
R1 =0.0399, wR2 = 0.1012 
R1 =0.0518, wR2 = 0.1080 
0.245 and -0.205 e.A '3
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Completeness to theta = 27.48°
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)








a = 27.008(9) A a=90°.
b = 27.008(9) A p= 90°.






0 .2  x 0 . 2  x 0 .1  mm3 
0.87 to 27.48°.
-35<=h<=35, -35<=k<=35, -22<=1<=22 
121960
17079 [R(int) = 0.0557]
100.0 %
None
Full-matrix least-squares on F2
17079/9/935
1.011
R1 =0.0597, wR2 = 0.1547 
R1 =0.0967, wR2 = 0.1853 
0.762 and -0.526 e.A"3
182



















Completeness to theta = 27.53°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
11a
C34 H44 N2 03 
528.71 
150(2) K 
0.71073 A  
Triclinic 
P-l
a = 8.36000(10) A  a= 86.7430(10)°.
b = 8.9390(2) A p= 83.3870(10)°.




0.073 mm' 1 
572
0.25 x 0.15 x 0.08 mm3 
2.56 to 27.53°.
-10<=h<=10, -11 <=k<= 11, -28<=1<=27 
32435
7001 [R(int) = 0.0656]
99.4 %
None
0.9942 and 0.9821 
Full-matrix least-squares on F2 
7001 /0/365
1.053
R1 =0.0586, wR2 = 0.1505 
R1 =0.1094, wR2 = 0.1752 
0.041(5)
0.665 and -0.456 e.A"3
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Completeness to theta = 27.17 °
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)





0.71073 A  
Triclinic 
P-l
a = 9.6629(19) A  ct= 80.60(3)°.
b= 10.578(2) A p= 71.68(3)°.




0.069 mm' 1 
508
0.48 x 0.26 x 0.16 mm3 
3.46 to 27.17°.
-12<=h<= 11, -13<=k<=13, -18<=1<=19 
11025
5307 [R(int) = 0.0285]
88.7 %
0.9942 and 0.9821 
Full-matrix least-squares on F2 
5307/ 0 / 465
1.029
R1 = 0.0376, wR2 = 0.0935 
R1 =0.0482, wR2 = 0.0991 
0.257 and -0.207 e.A '3
184



















Completeness to theta = 26.01°
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 





0.71073 A  
Monoclinic 
P2,/c
a = 16.89600(10) A  a= 90°.
b = 14.34600(10) A  p= 96.21°.




0.822 mm' 1 
2064
0.3 x 0.25 x 0.125 mm3 
2.98 to 26.01°.
-20<=h<=20, -17<=k<=17, -27<=1<=27 
101698
10655 [R(int) = 0.0536]
99.6 %
None
Full-matrix least-squares on F2
10655/0/614
1.031
R1 =0.0328, wR2 = 0.0871 
R1 = 0.0456, wR2 = 0.0950 
0 .0010(2)
0.335 and -0.364 e.A '3
185



















Completeness to theta = 27.49°
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
17






a = 14.7060(2) A  a= 90°.
b = 29.0100(8) A  p= 90.0000(10)°.




1.217 mm' 1 
1680
0.2 x 0.2 x 0.3 mm3 
3.95 to 27.49°.
-19<=h<=19, -37<=k<=35, -1 2 <=1 < = 1 2  
18929
2319 [R(int) = 0.0574]
99.7 %
None
Full-matrix least-squares on F2
2319/1 / 119
1.033
R1 =0.0361, wR2 = 0.0852 
R1 =0.0514, wR2 = 0.0905 
0.491(17)
0.00044(14)
0 .2 1 1  and -0.323 e.A '3
186



















Completeness to theta = 27.52°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
18






a = 13.0570(2) A a= 90°.
b = 12.9450(3) A p= 90.1660(10)°,




0.828 mm' 1 
1064
0.22 x 0.20 x 0.05 mm3
3.72 to 27.52°.
-16<=h<= 16, -16<=k<= 16, -2 0 <=1 < = 2 0  
49606
6190 [R(int) = 0.0880]
99.5 %
None
0.9598 and 0.8388 
Full-matrix least-squares on F2 
6190/0/317
1.023
R1 =0.0418, wR2 = 0.0904 
R1 = 0.0841, wR2 = 0.1040 
0 .0012(6)
0.322 and -0.400 e.A '3
187



















Completeness to theta = 27.54°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)J 
R indices (all data)
Largest diff. peak and hole
19






a= 11.58300(10) A  a= 90°.
b = 15.2230(2) A p= 98.9430(10)°
c =  19.8360(3) A  y = 90°.
3455.12(8) A 3 
4
1.229 Mg/m3 
0.667 mm' 1 
1360
0.25 x 0.13 x 0.13 mm3
3.23 to 27.54°.
-15<=h<=15, -19<=k<=19, -22<=1<=25 
64740
7921 [R(int) = 0.0899]
99.5 %
None
0.9183 and 0.8510 
Full-matrix least-squares on F2 
7921 /0/421
1.014
R1 =0.0453, wR2 = 0.1008 
R1 =0.0943, wR2 = 0.1203 
0.287 and -0.502 e.A '3
188



















Completeness to theta = 25.29°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
20






a = 11.4860(2) A a= 90°.
b = 13.0180(2) A p= 102.8640(10)°,




0.665 mm' 1 
1256
0.22 x 0.08 x 0.05 mm3
3.64 to 25.29°.
-13<=h<=13, -15<=k<= 13, -27<=1<=28 
54909
6192 [R(int) = 0.0980]
99.3 %
None
0.9675 and 0.8674 
Full-matrix least-squares on F2 
6192/0/362 
1.022
R1 =0.0452, wR2 = 0.1016 
R1 =0.0814, wR2 = 0.1173 
0.0027(7)
0.368 and -0.442 e.A '3
189



















Completeness to theta = 27.47°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
21






a= 10.1490(2) A  a= 81.3220(10)°.
b = 10.5100(3) A  p= 73.8770(10)°.
c = 14.7950(4) A y = 66.0820(10)°
1384.55(6) A 3 
2
1.286 Mg/m3 
0.815 mm' 1 
564
0.28 x 0.20 x 0.17 mm3 
3.97 to 27.47°.
-13<=h<= 13, -13<=k<=13, -19<=1<=19 
30961
6309 [R(int) = 0.0788]
99.4 %
None
0.8739 and 0.8040 
Full-matrix least-squares on F2 
6309/0/341
1.000
R1 =0.0419, wR2 = 0.0837 
R1 = 0.0876, wR2 = 0.0962 
0.0019(10)
0.318 and -0.338 e.A '3
190



















Completeness to theta = 27.55°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
22






a= 11.0280(2) A  ct= 91.4590(10)°.
b= 11.9140(3) A  (3=94.2790(10)°.








-14<=h<=14, -15<=k<=15, -20<=1<=19 
24250
9463 [R(int) = 0.0339]
98.5 %
None
0.9430 and 0.8446 
Full-matrix least-squares on F2 
9463 / 0 / 474
1.042
R1 = 0.0771, wR2 = 0.2175 
R1 =0.0881, wR2 = 0.2312 
0.017(4)
1.918 and-1.744 e.A '3
191



















Completeness to theta = 27.53°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
23






a = 10.62400(10) A  ct= 81.8100(10)°.
b = 14.2250(2) A  p= 73.7100(10)°.
c= 15.6130(2) A  y = 76.1700(10)°
2191.94(5) A 3 
4
1.199 Mg/m3 
0.543 mm' 1 
840
0.30 x 0.25 x 0.20 mm3
4.05 to 27.53°.
-13<=h<= 13, -18<=k<=18, -20<=1<=20 
31419
10024 [R(int) = 0.0363]
99.1 %
None
0.8992 and 0.8540 
Full-matrix least-squares on F2 
10024/0/515 
1.003
R1 = 0.0326, wR2 = 0.0896 























Completeness to theta = 21.25°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
24






a = 13.7080(3) A <x= 90°.
b = 15.2870(3) A p= 93.5470(10)°.




0.458 mm' 1 
2016
0.15 x 0.13 x 0.05 mm3
3.72 to 21.25°.
-13<=h<= 13, -15<=k<= 15, -25<=1<=25 
26226
5779 [R(int) = 0.0998]
98.5 %
None
0.9775 and 0.9345 
Full-matrix least-squares on F2 
5779 IQ 1 627 
1.040
R1 =0.0466, wR2 = 0.0921 
R1 =0.0810, wR2 = 0.1077 
0 .0010(2)
0.241 and -0.233 e.A’3
193



















Completeness to theta = 27.54°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
25






a= 11.7340(2) A  a= 103.2630(10)°,
b = 14.7860(2) A p= 96.5090(10)°.
c = 14.9730(3) A  y = 92.8070(10)°.
2504.65(7) A 3 
2
1.214 Mg/m3 
0.485 mm' 1 
968
0.15 x 0.13 x 0.08 mm3 
3.85 to 27.54°.
-15<=h<= 14, -19<=k<=19, -19<=1<=19 
47917
11425 [R(int) = 0.0465]
98.9 %
None
0.9646 and 0.9309 
Full-matrix least-squares on F2 
11425/0/603 
1.000
R1 = 0.0398, wR2 = 0.0942 
R1 =0.0696, wR2 = 0.1061 
0.0044(8)
0.257 and -0.309 e.A’3
194



















Completeness to theta = 27.47°
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
26






a = 13.0960(6) A  a= 73.066(2)°.
b = 14.7430(5) A  p= 81.951(2)°.
c = 14.8660(7) A  y = 69.599(2)°.
2571.19(19) A 3 
4
1.251 Mg/m3 
0.675 mm' 1 
1021
0.25 x 0.20 x 0.15 mm3
3.12 to 27.47°.
-16<=h<=16, -19<=k<=19, -19<=1<= 19 
37404
11629 [R(int) = 0.1520]
98.9 %
None
0.9055 and 0.8494 
Full-matrix least-squares on F2 
11629/0/648 
1.010
R1 =0.0729, wR2 = 0.1390 
R1 =0.1683, wR2 = 0.1816 
0.0000(7)
0.549 and -0.822 e.A '3
195



















Completeness to theta = 29.37°
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
27






a= 11.4600(2) A a= 90°.
b = 15.0970(3) A  p= 104.9680(10)°.




0.900 mm' 1 
1104
0.30 x 0.25 x 0.20 mm3
3.67 to 29.37°.
-15<=h<=14, -19<=k<=20, -20<=1<=22 
27545
6759 [R(int) = 0.0443]
87.6 %
0.8406 and 0.7741 
Full-matrix least-squares on F2 
6759/0/327 
1.020
R1 = 0.0348, wR2 = 0.0830 
R1 = 0.0555, wR2 = 0.0924 
0.0055(8)
0.327 and -0.405 e.A '3
196



















Completeness to theta = 25.04°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
27a






a = 14.44800(10) A  ct= 90°.
b = 24.9880(3) A p= 114.7300(10)°.




0.532 mm' 1 
1960
0.25 x 0.20 x 0.17 mm3
3.52 to 25.04°.
-17<=h<=17, -26<=k<=29, -18<=1<=18 
58375
8 8 8 6  [R(int) = 0.0642]
99.5 %
None
0.9150 and 0.8784 
Full-matrix least-squares on F2 
8886/0/599 
1.045
R1 = 0.0422, wR2 = 0.1004 
R1 = 0.0578, wR2 = 0.1091 
0.0008(2)
0.356 and-0.361 e.A '3
197



















Completeness to theta = 24.70° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
thf solvate.
28 thf solvate






a = 9.3960(2) A  a= 90°.
b = 16.2850(3) A |3= 92.5730(10)c
c = 29.4520(6) A  y = 90°.
4502.02(16) A 3 
4
1.210 Mg/m3 




-1 l<=h<=10, -19<=k<= 19, -34<=1<=34 
48616
7613 [R(int) = 0.1110]
99.4%
0.9570 and 0.8910 
Full-matrix least-squares on F2 
7613 /0 /548
1.066
R1 = 0.0520, wR2 = 0.0944 
R1 = 0.0965, wR2 = 0.1090 
0.315 and -0.431 e.A '3
198



















Completeness to theta = 24.71°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
28a






a = 21.1510(2) A a =  90°.
b = 10.91400(10) A  p= 90.7770(10)°.






0.30 x 0.25 x 0.20 mm3
3.69 to 24.71°.
-24<=h<=24, -10<=k<=12, -33<=1<=34 
43049
11463 [R(int) = 0.0538]
98.5 %
None
0.8640 and 0.8056 
Full-matrix least-squares on F2 
11463/0/778
1.024
R1 =0.0470, wR2 = 0.1170 
R1 =0.0729, wR2 = 0.1322 
0.0006(2)
0.892 and -0.363 e.A '3
199



















Completeness to theta = 20.84°
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
29






a = 18.5260(5) A  cc= 90°.
b = 26.7620(8) A  p= 106.238(2)°.






0.38 x 0.25 x 0.22 mm3 
3.55 to 20.84°.
-18<=h<= 18, -26<=k<=26, -2 1 <=1 < = 2 1  
24659
5231 [R(int) = 0.0522]
99.0 %
0.8896 and 0.8254 
Full-matrix least-squares on F2 
5231 /0 /536
1.069
R1 =0.0486, wR2 = 0.1241 
R1 =0.0635, wR2 = 0.1405 
0.577 and -0.405 e.A '3
200



















Completeness to theta = 27.49°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
30






a = 18.1470(2) A  a =  90°.
b= 18.2170(2) A p= 90°.








-23<=h<=23, -23<=k<=23, -27<=1<=27 
96875
8045 [R(int) = 0.1487]
99.7 %
None
0.9308 and 0.8391 
Full-matrix least-squares on F2 
8045/0/385
1.029
R1 = 0.0447, wR2 = 0.0887 
R1 =0.0920, wR2 = 0.1072 
0 .0011(2)
0.417 and -0.399 e.A '3
201



















Completeness to theta = 27.50°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole
31
C41 H45 N3 Zn
645.17 
150(2) K 
0.71073 A  
Monoclinic 
P2,/a
a = 15.17400(10) A  a=90°.
b= 11.47200(10) A  p= 97.16°.
c = 20.4770(2) A y = 90°.





0.25 x 0.20 x 0.17 mm3
3.69 to 27.50°.
-19<=h<= 19, -14<=k<=14, -26<=1<=26 
58972
8089 [R(int) = 0.0566]
99.7 %
None
0.8835 and 0.8394 
Full-matrix least-squares on F2 
8089/0/415 
1.038
R1 = 0.0384, wR2 = 0.0993 
R1 =0.0493, wR2 = 0.1080 
0 .0012(6)
0.820 and -0.433 e.A '3
202
